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Neurodevelopmental disorders (or Intellectual Developmental Disorders 
-IDD) are impairments of the growth and development of the brain: 
•  affects emotion, learning ability and memory; 
•  communication, speech and language; 
•  unfolds in infancy and childhood.  

!  Chromosomal disorders: Down syndrome, etc. 
!  Genetic disorders: autism spectrum disorders (ASD), microcephaly, 
lissencephaly, etc 
! Traumatic brain injury 
!  Fetal alcohol spectrum disorder 
!  etc 

Neurodevelopmental disorders are associated with mental, emotional, 
physical, and economic burden to individuals, families and society in general. 

Neurodevelopmental disorders result from the disruption of normal 
cortical development processes. 



Mammalian corticogenesis (radial organization) 

from Hu WF et al., 2014 



Comparison of mouse and human cortical neurogenesis 
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Fig. 1. Comparison between cortical development in gyrencephalic and lissencephalic brains. (A) Lateral view of an adult gyrencephalic brain (top left) and a developing
brain  slice (coronal view, lower left). The different color circles represent each developing cortical region (indicated on the right). The location and prototypical cell-types
present in each region are illustrated (right panels). The basal radial glial cells (bRGCs) are mainly present in gyrencephalic species and they are localized within the outer
subventricular zone (OSVZ). (B) Lateral view of an adult lissencephalic brain (top left) and a developing brain slice (coronal view, lower left). Each developing cortical region
is  differentially colored and indicated on the right. The location and prototypical cell-types of each region are illustrated (right panels). In both figures the interkinetic nuclear
migration of RGCs in the ventricular zone (VZ) and neuronal migration are represented. The division of the subventricular zone (SVZ) into an inner (ISVZ) and outer (OSVZ)
region, and the presence of sulci and gyri, are the main organizational differences between the human and mouse brains.

pose the hypothesis that glial dysfunction contributes to pathology
through a local proinflammatory environment driven by abnor-
mal  gliovascular interactions. Further research efforts will elucidate
glial contributions in this area.

2. Human malformations of cortical development (MCDs)

ID in children comprises 2–5% of the general population
[28,29]. This includes neuronal migration disorders caused by infec-
tious, toxic or vascular events, as well as genetic disorders with
Mendelian inheritance, reviewed here, caused by mutations in a
single gene. Continual advances in genetic technologies allow a
more general understanding of MCDs, and numerous new causative
genes and mechanisms have been identified in MCD  patients [30].
Nevertheless, many patients who present defined clinical fea-
tures and likely genetic diseases cannot be diagnosed definitively.
In addition, advances in neuroimaging technologies, particularly
magnetic resonance imaging (MRI) and functional MRI  (fMRI),
allow a delineation of the type of brain malformation, but at the
same time can make their classification complicated [31]. There-
fore, the identification of the underlying genetic cause is also
essential in order to diagnose and determine prognosis for the
affected patients.

2.1. Genetic methods for diagnosis of MCDs

Clinical diagnosis involves standard practices for the identi-
fication of specific phenotypic or radiographic features, and the
analysis of biopsies and metabolites. When there is a clear phe-
notype revealed by MRI, targeted Sanger sequencing of selected
candidate genes may  be performed (e.g. LIS1, DCX, FLNA, see
below). Nevertheless, hypothesis-driven approaches based on the
ability to recognize the most likely disorder associated with
defined symptoms, often fails to reach a diagnosis. Targeted pan-
els are frequently implemented [30]. Other genomic tests include
G-band karyotype analysis, the identification of chromosomal
abnormalities using fluorescence in situ hybridization (FISH) and
array comparative genomic hybridization (array-CGH). Array-CGH
(also known as chromosomal microarray analysis, CMA) has been
developed as a method to identify and map  sub-microscopic dele-
tions/duplications simultaneously onto the genome sequence [32].
Moreover, during the last decade, the implementation of Next Gen-
eration Sequencing (NGS) protocols has been an important tool for
the diagnosis and classification of patients with rare Mendelian dis-
eases [33]. This method is also key to understanding the molecular
and cellular bases of certain disorders. Individual patients might
be the sole cases showing mutations in a particular gene, although
worldwide data sharing can allow the grouping of several patients,
hence better validating these candidate genes.
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3.2. Projection Neurons Are Generated from Several Types of Progenitor Cells
Studies in the past several years have revealed that multiple types of progenitor cells are present in
the developing cortex, where projection neurons are produced (Figure 1). The primary sources
of projection neurons and glial cells in the mammalian cortex are radial glial cells, long known
as scaffolds that guide the migration of new neurons from periventricular zones to the cortical
plate. The radial glial progenitors (RGPs), as they are now known, have the capacity to produce
diverse types of neurons and glia (multipotency) and to proliferate extensively by self-renewal.
These properties (neural multipotency and extensive self-renewal) mark RGPs as a special type of
neural stem cell (NSC) in the developing cortex (30, 31).
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Figure 1
Comparison of cortical development and defective neurogenesis in mice and humans. (a) Normal development. In mice, classic RGPs
predominate during early (deep-layer) and late (superficial-layer) neurogenesis, and the cortex lacks gyri and sulci. In humans, a
transition from classic RGPs to mainly oRGPs occurs between early and late neurogenesis, when gyri and sulci begin to form. The
abundance of oRGPs and outer IPs is much higher beneath prospective gyri. (b) Reduced neurogenesis in mice leads to cortical
thinning. In humans, reduced neurogenesis is usually associated with impaired gyrification (LIS or PAC) and leads to increased cortical
thickness. Abbreviations: CP, cortical plate; IP, intermediate progenitor; iSVZ, inner subventricular zone; IZ, intermediate zone; LIS,
lissencephaly; MZ, marginal zone; N-LL, neuron destined for lower layers; N-UL, neuron destined for upper layers; oRGP, outer
radial glial progenitor; oSVC, outer subventricular zone; PAC, pachygyria; RGP, radial glial progenitor; SP, subplate; SVZ,
subventricular zone; tRGP, truncated radial glial progenitor; VZ, ventricular zone; WM, white matter.
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Jurik-Sekhar & Hevner et al., 2019 



Modified from Hu WF et al., 2014 

Defects affecting different steps of neurodevelopment 

and	synaptic	activity	



Structural malformations of cortical development: 

Three major groups based on the timing and pathogenesis of the disruption:  

"  group I: abnormal neuronal and glial proliferation; 

" group II: abnormal neuronal migration; 

" group III: abnormal post-migrational development. 



https://doi.org/10.3345/kjp.2017.60.1.1

Lee J, et al.�t Malformations of cortical development
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initial step, the proliferation (mitosis) of neuronal precursors in the 
ventricular zone results in an increase in the number of neurons. 
Next, neurons migrate from the ventricular zone to the cortex. 
The last step is the postmigrational organization of the neurons in 
the cortex5,6).

The mature cerebral cortex includes 2 types of cells: cortical 
neurons and glia. Neurons facilitate the signaling of the nervous 
system, and glia have supportive roles for the survival and func-
tion of neurons. There are 2 types of neurons: excitatory neurons 
and inhibitory interneurons. Excitatory neurons are born from 
polarized neuroepithelial cells (neuronal precursors) in the lateral 
ventricle. Excitatory neurons divide and differentiate into radial 
glial progenitors that extend fibers to the pial surface (Fig. 1)7). 
Radial glial progenitors can then divide into intermediate proge-
nitors and outer radial glial progenitors, which divide and differ-
entiate into excitatory projection neurons that migrate along the 
processes of radial glia to form the cortical plate. The cerebral 
cortex develops in an “inside-out” fashion. Early-born neurons 
form the deepest layers (V and VI) and later-born neurons form 
the more superficial layers of the cortex (II and III). Structural 
barriers of the pial surface and molecular signals have roles in the 
arrest of neuronal migration4). In this manner, the 6-layered la-
minar structure of the cerebral cortex is formed. Inhibitory inter-
neurons are born and migrate tangentially to the dorsal telence-
phalon, turn and migrate radially to the cortical plate, and are 
organized with excitatory neurons8,9). Glia are formed from pro-
genitor cells after neurogenesis9,10).

Pathogenesis and classification of malformations 
of cortical development

Malformations of cortical development result from the disrup-
tion of normal cortical development processes. In 1996, the initial 

classification scheme for cortical development was introduced 
based on the stage in which the developmental process was di-
sturbed1). This scheme has since been updated and revised accord-
ing to newly discovered mechanisms of pathogenesis; the most 
recent revision was published in 20122). There are 3 groups of 
cortical development malformation based on the timing and 
pathogenesis of the disruption: (1) group I, malformations sec-
ondary to abnormal neuronal and glial proliferation or apoptosis; 
(2) group II, malformations due to abnormal neuronal migration; 
and (3) group III, malformations associated with abnormal 
postmigrational development.

1. Group I: malformations secondary to abnormal neuronal and 
glial proliferation or apoptosis
Group I is associated with interruptions in the initial stages of 

neuronal precursor proliferation as well as disequilibrium between 
the proliferation and apoptosis of neuronal precursors. Subgroups 
include (1) group I.A: microcephaly; (2) group I.B: megalen-
cephaly; and (3) group I.C: cortical dysgenesis with abnormal cell 
proliferation.

1) Microcephaly
Microcephaly is defined by a head circumference less than 2 

A B 

Fig. 1. Replication of neuronal precursors and formation of the neocortex. 
(A) Neuroepithelial cells divide into new neuroepithelial cells, radial 
glia, intermediate progenitors, and outer radial glia. (B) Outer radial glia 
replicate and also form migrating neurons. Migrating neurons make the 
cortical layers in an inside-out fashion.

Fig. 2. Microcephaly and megalencephaly. (A) Brain MRI of an 18-month-
old male patient revealing a decrease in brain volume as compared 
to the size of face with relative preservation of normal structure. The 
patient’s head circumference was below the 3rd percentile. (B) Brain MRI 
of a 3-year-old male patient with global developmental delay showing a 
relatively larger head size as compared to the size of the face, and mild 
ventriculomegaly without structural anomaly.

Microcephaly 
(small brain) 

Megalencephaly 
(large brain) 

Lee, 2017 

 Malformations of cortical development: clinical features 
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Fig. 2. Comparison of human brain malformations of cortical development (MCDs). Magnetic resonance imaging (MRI) images of patients with different brain cortical
malformations are shown: Control, cobblestone lissencephaly (COB-LIS), periventricular heterotopia (PVH), subcortical band heterotopia (SBH), agyria/lissencephaly (LIS),
congenital microcephaly and the most severe phenotype, lissencephaly with microcephaly. Schematic representation of MCDs are included below the MRI images. For each
MCD, the main genes mutated are shown. Schematic representations of the general mechanisms leading to each MCD and main genes mutated are shown below. Control:
interkinetic nuclear migration of RGCs (grey) and migration of immature neurons (red) are represented. Cortical plate (CP) contains mature neurons (blue) and the marginal
zone (MZ), Cajal-Retzius cells (green). The SVZ contains IP cells (light green). COB-LIS: over-migration of neurons through a disrupted pial basal membrane (BM) forms the
cobblestone phenotype. PVH: neurons are produced and escape through the ventricular lining forming nodules. SBH: defects in neuronal migration (orange neuron) lead
to the accumulation of ectopic cells that form an extra cortical layer below the normal cortex (note the double cortex). RGC detachment and ectopic proliferation can also
lead to SBH. Agyria/LIS: The same neuronal migration defects are also observed in LIS. Defects in the mitotic machinery, IPs or bRGs also cannot be ruled out. Congenital
microcephaly: an increased apoptosis of RGCs, premature differentiation to neurons, and defects in spindle formation are the main causes of the microcephaly phenotype.
LIS with microcephaly: mainly due to increased apoptosis of RGCs, premature neuronal differentiation and defects in spindle formation.

are typically more severe in either anterior or posterior regions
of the brain, e.g. parieto-occipital regions for LIS1-associated, and
fronto-temporal regions for DCX-associated lissencephaly [52].
Thus, the neuroradiological appearance is often graded using a six-
point grading system based on the severity and anterior-posterior
gradient of the abnormalities. Only grade I actually deserves the
name of lissencephaly; grades 2–4 are cases of pachygyria [42] and
at the end of the spectrum, grades 5 and 6 apply to SBH.

According to Friocourt and colleagues [53], the first detailed
neuropathological description of lissencephaly was reported in
1956 by Crome who introduced the notion of a “four-layered” cor-
tex. On gross examination, brain weight is either normal or reduced.
When the hemispheres are smooth, there are poorly defined cen-
tral and Sylvian fissures. When present, gyri are broad, small in
number and coarse, with a failure or a delayed operculization of
the Sylvian fissure. The cortical ribbon is thicker than in a normal
brain (10–20 mm vs. the normal 4 mm) and poorly delineated from
the white matter which is markedly reduced, leading to an inverted
proportion between the white matter and the cortical ribbon [53].
On microscopic examination, the CP exhibits a characteristic four-
layered pattern. The molecular layer I contains Cajal–Retzius cells
located close to the pia. Layer II is composed of densely packed
pyramidal neurons which are mainly observed in its upper part,
and underlined by an irregular sheet of granular cells. Layer III
consists of scattered fusiform, rounded or multipolar neuronal
elements. Layer IV is particularly poorly delineated from the under-
lying white matter and composed of pleiomorphic neuronal cells,
with misoriented pyramidal neurons. The reduced white matter
contains multiple arrested post-mitotic neurons. The remaining

subependymal cell layer is also poorly delineated from the deep
white matter and sometimes contains PVHs. Moreover, anomalies
of infratentorial structures and cortico-spinal tracts are also fre-
quently observed, but these are typically less severe than found in
cases of lissencephaly with cerebellar hypoplasia [54].

2.2.1.1. a. LIS1 (Platelet activating factor acetylhydrolase 1b regula-
tory subunit 1, PAFAH1B1). The first gene identified to be causative
of lissencephaly was LIS1, localized on chromosome 17p13.3. LIS1
belongs to the non-catalytic alpha subunit of the intracellular Ib
isoform of platelet-activating factor acteylhydrolase, which is a het-
erotrimeric enzyme that specifically catalyzes the removal of the
acetyl group at the SN-2 position of platelet-activating factor (iden-
tified as 1-O-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine) [55].
LIS1 also associates with microtubules (MTs) [56] (see below).
This gene was found deleted in MDS patients [57], a contiguous
gene deletion resulting from deletions of 17p13.3 including LIS1
[58–60]. cLIS can also occur as isolated forms due to other LIS1
mutations (isolated lissencephaly sequence or ILS, isolated SBH).
MDS is more severe deleting LIS1 and adjacent genes, in par-
ticular 14-3-3! (YWHAE, tyrosine 3- monooxygenase/tryptophan
5-monooxygenase activation protein, epsilon) [57]. The 14-3-3!
protein binds to phospho-serine containing proteins and mediates
intracellular signal transduction. Approximately 80% of individ-
uals with MDS have a de novo deletion and approximately 20%
have inherited a deletion from one of the parents who presents
a balanced chromosome rearrangement [61]. Heterozygous LIS1
mutations show an equal frequency in males and females, as
expected from an autosomal disorder. Gene dosage is clearly very

Romero et al., 2018 
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Fig. 1. Comparison between cortical development in gyrencephalic and lissencephalic brains. (A) Lateral view of an adult gyrencephalic brain (top left) and a developing
brain  slice (coronal view, lower left). The different color circles represent each developing cortical region (indicated on the right). The location and prototypical cell-types
present in each region are illustrated (right panels). The basal radial glial cells (bRGCs) are mainly present in gyrencephalic species and they are localized within the outer
subventricular zone (OSVZ). (B) Lateral view of an adult lissencephalic brain (top left) and a developing brain slice (coronal view, lower left). Each developing cortical region
is  differentially colored and indicated on the right. The location and prototypical cell-types of each region are illustrated (right panels). In both figures the interkinetic nuclear
migration of RGCs in the ventricular zone (VZ) and neuronal migration are represented. The division of the subventricular zone (SVZ) into an inner (ISVZ) and outer (OSVZ)
region, and the presence of sulci and gyri, are the main organizational differences between the human and mouse brains.

pose the hypothesis that glial dysfunction contributes to pathology
through a local proinflammatory environment driven by abnor-
mal  gliovascular interactions. Further research efforts will elucidate
glial contributions in this area.

2. Human malformations of cortical development (MCDs)

ID in children comprises 2–5% of the general population
[28,29]. This includes neuronal migration disorders caused by infec-
tious, toxic or vascular events, as well as genetic disorders with
Mendelian inheritance, reviewed here, caused by mutations in a
single gene. Continual advances in genetic technologies allow a
more general understanding of MCDs, and numerous new causative
genes and mechanisms have been identified in MCD  patients [30].
Nevertheless, many patients who present defined clinical fea-
tures and likely genetic diseases cannot be diagnosed definitively.
In addition, advances in neuroimaging technologies, particularly
magnetic resonance imaging (MRI) and functional MRI  (fMRI),
allow a delineation of the type of brain malformation, but at the
same time can make their classification complicated [31]. There-
fore, the identification of the underlying genetic cause is also
essential in order to diagnose and determine prognosis for the
affected patients.

2.1. Genetic methods for diagnosis of MCDs

Clinical diagnosis involves standard practices for the identi-
fication of specific phenotypic or radiographic features, and the
analysis of biopsies and metabolites. When there is a clear phe-
notype revealed by MRI, targeted Sanger sequencing of selected
candidate genes may  be performed (e.g. LIS1, DCX, FLNA, see
below). Nevertheless, hypothesis-driven approaches based on the
ability to recognize the most likely disorder associated with
defined symptoms, often fails to reach a diagnosis. Targeted pan-
els are frequently implemented [30]. Other genomic tests include
G-band karyotype analysis, the identification of chromosomal
abnormalities using fluorescence in situ hybridization (FISH) and
array comparative genomic hybridization (array-CGH). Array-CGH
(also known as chromosomal microarray analysis, CMA) has been
developed as a method to identify and map  sub-microscopic dele-
tions/duplications simultaneously onto the genome sequence [32].
Moreover, during the last decade, the implementation of Next Gen-
eration Sequencing (NGS) protocols has been an important tool for
the diagnosis and classification of patients with rare Mendelian dis-
eases [33]. This method is also key to understanding the molecular
and cellular bases of certain disorders. Individual patients might
be the sole cases showing mutations in a particular gene, although
worldwide data sharing can allow the grouping of several patients,
hence better validating these candidate genes.
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Figure 4
Tubulinopathies affect multiple processes in cortical development and cause heterogeneous MCDs. Boxes represent the expression,
functions, and MCDs associated with TUBA1A, TUBA8, TUBB2A, TUBB2B, TUBB3, TUBB4A, TUBB5, and TUBG1. Cajal-Retzius
neurons in the MZ appear in yellow. Abbreviations: CFEOM3, congenital fibrosis of extraocular muscles type 3; CP, cortical plate;
H-ABC, hypomyelination with atrophy of the basal ganglia and cerebellum; IZ, intermediate zone; LIS, lissencephaly; LIS-CH,
lissencephaly with cerebellar hypoplasia; MCD, malformation of cortical development; MIC, congenital microcephaly; MLIS,
microlissencephaly; MTOCs, microtubule organizing centers; MZ, marginal zone; PAC, pachygyria; PMG, polymicrogyria;
PMG-ONH, polymicrogyria with optic nerve hypoplasia; SBH, subcortical band heterotopia; SGP, simplified gyral pattern; SVZ,
subventricular zone; VZ, ventricular zone.

TUBA1A, encoding tubulin α-1A, were the first to be associated with LIS (93). Approximately 1%
of patients with classic LIS have a recurrent mutation in the TUBA1A gene, and 30% of patients
with LIS and cerebellar hypoplasia also present TUBA1A mutations (94). In addition, other iso-
forms of α-, β-, and γ-tubulin, and various kinesin and dynein isoforms, have been associated with
LIS and with related MCDs including microcephaly, pachygyria, SBH, and polymicrogyria-like
cobblestone malformations (6, 22, 94, 95). Microtubules are involved in mitosis, centrosome for-
mation, organization of intracellular structure, axon pathfinding, and protein transport, account-
ing for the diverse MCDs caused by tubulinopathies. Abnormal brain development in at least
some tubulinopathies is caused by a dominant negative effect of heterozygous missense mutations
(95).
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Tubulinopathies affect multiple processes in cortical development  
and cause heterogeneous MCDs  

Jurik-Sekhar & Hevner et al., 2019 



Cellular mechanisms of abnormal cortical development leading to malformations 

One gene — one malformation? Clinical
variability in cortical malformations
a-Dystroglycanopathies, a group of congenital muscular
dystrophies associated with brain malformations (also
reviewed in this issue), were among the first examples
of mutations in the same gene [15] and sometimes the
same mutation [16,17] resulting in a varied spectrum of
brain phenotypes ranging from cobblestone lissencephaly
or pachygyria to polymicrogyria, to no brain defects at all
[18,19] and blurring the boundary between disorders of
neuronal migration and cortical organization.

In the past year, studies on microcephaly cohorts revealed
that the border between disorders of proliferation and

migration is also not as sharp as previously thought. The
very recent identification of the WDR62 gene as the
second most common known genetic cause of microce-
phaly [11!!,12!!,13!!], 11 years after the mapping of the
genetic locus [20], revealed that the malformations associ-
ated with mutations in this gene are extremely variable,
including pachygyria, lissencephaly, polymicrogyria, schi-
zencephaly, hippocampal and cerebellar abnormalities.
Patients with WDR62 mutations can even show consider-
able hemispheric asymmetry in the findings within a
given brain [12!!]. Such clinical heterogeneity contribu-
ted to the long delay in the identification of WDR62, since
many cases would not have been grouped together for
linkage studies. However, even ASPM mutations, the
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Current Opinion in Genetics & Development

Examples of abnormal cortical development leading to malformations. (a) Normal cortical development results from a balance of progenitor cell
proliferation, neurogenesis and neuronal migration, leading to normal cortical lamination. Progenitor cells are in yellow and neurons are in blue, for
simplicity only one of the cortical layers is shown here. Abbreviations: CP, cortical plate, VZ, ventricular zone. (b) Centrosomal defects can lead to
different malformations: microcephaly (i), where progenitor proliferation is reduced, sometimes due to the formation of abnormal mitotic spindles, and
neurogenesis is anticipated; or lissencephaly (ii), where a thickened, disorganized cortical plate is generated following migration defects, reduced cell
motility, disrupted leading process formation, uncoupling of the centrosome and nucleus during nucleokinesis. (c) Disruptions in the orientation of the
radial glial scaffold, such as observed in cobblestone lissencephaly and some forms of polymicrogyria, lead to cortical dysplasia and neuronal
overmigration through the basal lamina on the pial surface.

Current Opinion in Genetics & Development 2011, 21 :333–339 www.sciencedirect.com

Manzini & Walsh, 2011 
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2.3. Detection of Cortical Malformations
Some MCDs, such as lissencephaly (LIS), polymicrogyria, and large heterotopia (e.g., subependy-
mal nodules in TSC), can be detected in utero by fetal ultrasound or MRI (16). However, many
MCDs are detected postnatally or during the first year of life, depending on the severity of the
malformation (2). Although neuroimaging is the clinical cornerstone of MCD detection, cytoge-
netic and genetic studies, including next-generation (deep) sequencing, as well as neuropathology,
represent essential tools for the modern diagnosis of these disorders.

2.4. Classification of Cortical Malformations
Since MCDs are complex disorders involving multiple etiologies and neurodevelopmental pro-
cesses, classification has always been challenging and, to some degree, incomplete. Traditionally,
MCDs have been classified into disorders of neuronal and glial proliferation or apoptosis; disor-
ders of cell migration; disorders of postmigrational development; and malformations caused by
metabolic disorders, peroxisomal disorders, or sublobar dysplasia (12, 17) (Table 1). However,
classifications continue to evolve with the identification of new types of MCDs and causative genes
and with ongoing advances in the understanding of brain development (6, 18, 19).

Table 1 Simplified classification of genetic MCDs

MCD group MCD type Morphologies Related pathways
Disorders of
proliferation,
apoptosis, and/or
differentiation

Microcephalies Microcephaly,
microlissencephaly

Alobar, lobar, and variant
holoprosencephaly

Tubulinopathies, microtubule-associated proteins
Decreased RTK → PI3K → AKT → mTOR
signaling

Sonic hedgehog pathway
Midline differentiation

Cortical overgrowth
disorders (focal and
diffuse)

Megalencephaly,
hemimegalencephaly,
polymicrogyria, FCD-II

Overactive RTK → PI3K → AKT → mTOR
signaling

Disorders of
neuronal migration

Classic lissencephaly
spectrum

Smooth lissencephaly,
microlissencephaly,
subcortical band heterotopia

Tubulinopathies, microtubule-associated proteins
Variant lissencephalies (noncytoskeletal)

Cobblestone
malformations

Rough lissencephaly,
polymicrogyria,
leptomeningeal glioneuronal
heterotopia

Dystroglycanopathies
Other basement membrane–glia limitans
interaction disorders

Periventricular
heterotopia

Nodular or linear
periventricular heterotopia

Microtubule-associated proteins

Dyslamination
without cytologic
dysplasia or growth
abnormality

FCD-I Overactive RTK → PI3K → AKT → mTOR
signaling

Other rare forms (e.g., variant Rett syndrome)

Disorders of axon
pathway formation

Isolated callosal
defects

Agenesis, hypogenesis,
dysgenesis of corpus
callosum

Axon growth and guidance
Midline differentiation

Other isolated axon
defects (putative)

Unknown Axon growth and guidance

Abbreviations: FCD-I, focal cortical dysplasia type I; FCD-II, focal cortical dysplasia type II; MCD, malformation of cortical development.
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Different morphological aspects of polymicrogyria  

Guerrini & Dobyns, Lancet Neurol, 2014 

Thick and overfolded brain (small gyri and sulci) 

! GPR56 (adhesion G-protein-coupled receptor) regulates pial basement 
membrane integrity and cortical lamination 
! Growth factor signaling pathways (PTEN-AKT cascade) 



Tools for the Identification and Characterization of  
Genetic Changes in the Human Brain 
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Table 1
Tools for Identification and Characterization of Genetic Changes Shaping the Human 
Brain

Multiple types of genome and transcriptome sequencing tools are available for identification of genetic 
changes that may contribute to human brain development, evolution, and disease. Functional characterization 
of the genetic changes is expedited by CRISPR, a genome-editing tool.

Tool Advantages Disadvantages

Whole-exome sequencing Efficient sequencing of all the protein- 
coding genes (∼ 180,000 exons) in the 
human genome.

Unable to identify structural and noncoding variants, 
although there are some tools to detect copy number 
variations from exome data.

Whole-genome sequencing Sequencing of the entire genome of an 
individual.

The function of the majority of the human genome is 
incompletely understood. Thus, much sequencing data 
are often difficult to interpret. Also, whole-genome 
sequencing is costly, at least for now.

Single-cell sequencing Genome and transcriptome sequencing of 
individual cells detects cell-to-cell 
variability.

Requires amplification of the limited DNA and RNA 
in a single cell, which can introduce errors.

RNA sequencing Reveals how each protein-coding gene or 
RNA gene is utilized in a given cellular 
context.

Detection of genes with low expression levels is 
difficult. Multiple cell types can confound the 
interpretation.

Chromosome conformation capture Reveals chromosomal interactions 
influencing gene expression, such as 
interaction between an enhancer and a 
promoter of a protein-coding gene.

Can be costly due to depth of sequencing needed, 
depending on method. Requires a great number of 
cells; multiple cell types can generate noise and 
confound the interpretation, although single-cell 
chromosome conformation capture was recently 
developed.

Clustered regularly interspaced short 
palindromic repeats (CRISPR)

Genome editing by breaking the target 
DNA, which introduces frameshift 
mutations via non-homologous end 
joining, or facilitates homologous 
recombination.

Off-target effects. Efficiency in the brain awaits further 
optimization.

Dev Cell. Author manuscript; available in PMC 2016 February 23.
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Complexity of neurodevelopmental disorders 

Circle plot illustrating 
the allelic and 
phenotypic diversity of a 
subset of 
neurodevelopmental 
disease genes (due to 
hypomorphic and 
somatic mutations).  



Naturally occurring or experimentally induced animal diseases  
with pathological processes sufficiently similar  

to those of human diseases 

Animal models for human diseases 



Opportunities and challenges in animal models 
(example for Parkinson disease) 



Learning from and for development: using the knowledge of cortical 
development for generating cortical neurons in vitro 

Fezf2	
+	Lmo4	



Learning from and for development: 
using the knowledge of cortical development for generating  

cortical neurons in vitro 



Regenerative medicine in clinics and industry 

Organoids/	

Carrier	of	a	genetic	disease	



Indirect and direct lineage reprogramming to create 
 patient-derived neural cells 

patient skin  
samples 

Differentiate 
Induced pluripotent stem 

cells (iPSC)  

patient-derived 
neurons 

Induced Neuronal (iN) cells 

Direct conversion 



Somatic cell reprogramming: potential applications 

ADVANTAGES of Direct Conversion: 
1.  Faster than iPS method 
2.  Epigenetic signature of patient cell is likely preserved 
3.  Specific Neuronal subtype generation (Spinal Motor, Dopaminergic) 



Somatic cell direct reprogramming in the brain 



In vivo reprogramming in postmitotic neurons during prenatal stages 

Unpublished	(Studer	lab)	Published	
	(Arlotta	&	Jabaudon	teams)	



Improving the efficacy of in vivo neuron-to-neuron conversion 

Fezf2/Lmo4 



Glia-to-neuron reprogramming in the postnatal brain 

R E V I E W

in vivo63, and the induced neurons were able to fire action poten-
tials and received synaptic input63 (Fig. 2a). Surprisingly, astrocytes 
could be retrovirally targeted at an early stage of reactive gliosis, when 
astrocytes typically do not yet proliferate80. Also, the high conversion 
rate contrasts with the low rate of induced neurogenesis in a similar 
experimental paradigm following expression of Neurog2 (ref. 81), a 
transcription factor upstream of NeuroD1. These distinct reprogram-
ming potencies may hint at differences in the epigenetic status of loci 
targeted by Neurog2 and NeuroD1, underscoring the importance of 
the epigenetic context when choosing reprogramming factors. Moving 
towards disease models, NeuroD1-induced conversion of reactive 

astroglia into NeuN+ neurons was also observed in a mouse model of 
Alzheimer’s disease63.

Reprogramming of non-neuronal cells into neurons in the context of 
severe CNS injury represents a major challenge. In parallel to the work 
of the Zhang and Chen labs, we have assessed whether Sox2 and Ascl1 
could induce reprogramming of proliferating glia during ongoing 
reactive gliosis in the cerebral cortex, following an acute stab wound 
lesion. We found that expression of Sox2 and Ascl1, but strikingly also 
Sox2 alone, caused the emergence of DCX+ cells that received synaptic 
inputs from endogenous GABAergic neurons82 (Fig. 2b). Instead of 
converting reactive astrocytes, genetic fate mapping revealed an NG2 
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Figure 2 Examples of in  vivo lineage reprogramming in the brain. A schematic 
of the brain is shown, indicating the regions where attempts aiming at 
in  situ lineage reprogramming have been conducted successfully. (a–c) The 
cerebral cortex. (a) Forced expression of NeuroD1 directly converts reactive 
astrocytes and NG2 glia into induced neuronal cells in the adult mouse 
cortex63. In this study, the virus-injection needle itself was considered as a 
lesion paradigm. (b) Following an acute invasive injury inflicted to the adult 
cerebral cortex (a stab wound lesion), forced expression of Sox2, alone or 
in combination with Ascl1, induces reactive NG2 glia to adopt a neuronal 
identity during ongoing reactive gliosis82. Some induced DCX+ neuronal cells 
spontaneously mature into NeuN+ neurons (dashed arrow). (c) Embryonic and 
early postnatal callosal projection neurons of layer II/III can be post-mitotically 

reprogrammed by Fezf2 into layer V/VI corticofugal projection neurons87. 
(d,e) The striatum. (d) Parenchymal astrocytes residing in the adult striatum 
can be reprogrammed by Sox2 into proliferative neuroblasts76. Maturation 
of these induced neuroblasts into functional neurons requires additional 
differentiation-promoting factors such as BDNF and the BMP inhibitor 
noggin, or blockade of histone deacetylase activity with VPA (valproic acid)76. 
(e) Parenchymal astrocytes residing in the adult striatum are converted into 
neuronal cells by the combination of Ascl1, Brn2 and Myt1l (ref. 75). The 
question marks in d and e indicate that it remains unknown whether the 
astroglia were quiescent at the time of lentiviral transduction. Question marks 
in b and e indicate that the functional properties of NeuN+ neurons (action-
potential-firing) were not determined in these studies.
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identity during ongoing reactive gliosis82. Some induced DCX+ neuronal cells 
spontaneously mature into NeuN+ neurons (dashed arrow). (c) Embryonic and 
early postnatal callosal projection neurons of layer II/III can be post-mitotically 

reprogrammed by Fezf2 into layer V/VI corticofugal projection neurons87. 
(d,e) The striatum. (d) Parenchymal astrocytes residing in the adult striatum 
can be reprogrammed by Sox2 into proliferative neuroblasts76. Maturation 
of these induced neuroblasts into functional neurons requires additional 
differentiation-promoting factors such as BDNF and the BMP inhibitor 
noggin, or blockade of histone deacetylase activity with VPA (valproic acid)76. 
(e) Parenchymal astrocytes residing in the adult striatum are converted into 
neuronal cells by the combination of Ascl1, Brn2 and Myt1l (ref. 75). The 
question marks in d and e indicate that it remains unknown whether the 
astroglia were quiescent at the time of lentiviral transduction. Question marks 
in b and e indicate that the functional properties of NeuN+ neurons (action-
potential-firing) were not determined in these studies.
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Learning from and for development: 
using the knowledge of cortical development for reproducing  

mini-brains in the dish 

Embryonic brain Cerebral organoid or “mini-brain” 



Overview of organoid methodologies 

Although similar human liver organoids have
not yet been generated, a very different approach
was recently established to generate tissues re-
miniscent of human liver buds (41). Beginning
with differentiation of human PSCs into hepatic
endodermal cells in 2D, this method mixes three
cell populations: the human PSC–derived hepatic
cells, human mesenchymal stem cells, and hu-
man endothelial cells. This mixed-cell population
mimics the early cell lineages of the developing
liver. When mixed to a high density on a layer of
Matrigel, the cells spontaneously form a 3D ag-
gregate. The liver bud–like aggregates display vas-
cularization and can be ectopically transplanted
into mice to allow blood supply. Perhaps most
promising is the finding that mice with transplants
of these liver bud tissues exhibit human-specific
metabolites in the blood. Furthermore, survival
of mice subjected to liver injury increased when
liver buds were transplanted into them.

Brain organoids

The vertebrate central nervous system derives
from the neural ectoderm (6). This tissue gives
rise to the neural plate, which folds and fuses to
form the neural tube, an epithelium with apical-
basal polarity radially organized around a fluid-

filled lumen that eventually forms the brain
ventricles. Axes are established through the con-
certed action of morphogen gradients, such as
the ventral-dorsal Shh-Wnt/Bmp axis, and the
rostral-caudal axis influenced by factors such as
retinoic acid and FGF (42). These axes allow the
epithelial tube to subdivide into four major re-
gions, the forebrain, midbrain, hindbrain, and
spinal cord. The forebrain gives rise to the ma-
jority of the human brain, including the neo-
cortex, hippocampus, and ventral telencephalic
structures, such as amygdala and hypothalamus.
The midbrain gives rise to the tectum, whereas
the hindbrain gives rise to the cerebellum, pons,
medulla, and brainstem.
Generally, neurons are generated from neural

stem cells that reside next to ventricles (43). Neu-
ral stem cells initially expand through symmetric
proliferative divisions. During neurogenesis, stem
cells switch to asymmetric divisions to give rise to
self-renewing progenitors and more differentiated
cell types, including neurons and intermediate
progenitors (44). These more differentiated cells
migrate outward to generate stratified structures
such as the three layers of the medulla, the seven
layers of the optic tectum, and the six layers of
the cerebral cortex.

Although the final product of neural develop-
ment is a highly complex interconnected brain,
earlier reaggregation studies suggest that this
organ has an intrinsic self-organizing capacity
(45). When taken at early stages of brain devel-
opment, chick neural progenitors self-organized
to form clusters of neuroepithelial cells orga-
nized in a radial manner surrounding a lumen,
reminiscent of the neural tube. The implication
of these classic experiments is that if neuroepi-
thelium can be derived from PSCs, spontaneous
self-organization is likely to occur.
Numerous previous studies have made use

of in vitro–derived neural stem cells (NSCs) from
PSCs to study neural differentiation (46). How-
ever, these homogeneous NSCs lack the character-
istic apical-basal polarity and do not recapitulate
the complex lineage of NSCs in vivo. As an alter-
native approach, neurospheres (47) are aggre-
gates of NSCs that can be used to assess their
self-renewing capacity. However, neurospheres
are likewise not well organized and, therefore,
are limited in their capacity to model many as-
pects of brain development.
More recently, 2D neural tube–like structures

called neural rosettes were established from isolated
neuroepithelium or the directed differentiation
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Fig. 3. Overview of organoid methodologies.Organoid differentiation strategies developed so far from human PSCs. Conditions and growth factors are
indicated for the derivation of progenitor identities. For neuroectoderm, minimal medium without serum is used. KSR is knockout serum replacement, a
serum-free growth-promoting alternative. Limiting its use, along with a low concentration of Matrigel dissolved in the medium, promotes retinal
neuroepithelium, whereas higher KSR and embedding in pure Matrigel promotes the formation of various brain regions. Renal organoids have been
generated several ways, but growth factors in common are shown.
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tissues, which could survive indefinitely (currently up to 10 months)
when maintained in a spinning bioreactor. Histological and gross
morphological analysis revealed regions reminiscent of cerebral cortex,
choroid plexus, retina and meninges (Fig. 1c, d and Extended Data Fig. 1b).
Notably, tissues typically reached a size limit, probably because of the
lack of a circulatory system and limitations in oxygen and nutrient
exchange. Consistent with this, extensive cell death was visible in the
core of these tissues (Extended Data Fig. 1c), whereas the various brain
regions developed along the exterior. Furthermore, cerebral organoids
could be reproducibly generated with similar overall morphology and
complexity from both human embryonic stem (ES) cells and iPS cells
(Extended Data Fig. 1d, e).

Cerebral organoids display discrete brain regions
Brain development in vivo exhibits a striking degree of heterogeneity
and regionalization as well as interdependency of various brain regions.
Histological analysis suggested that human cerebral organoids might
similarly display heterogeneous brain regions. To examine this further,
we first tested the efficiency of initial neural induction in these tissues
by performing reverse transcriptase PCR (RT–PCR) for several markers
of pluripotency and neural identity (Extended Data Fig. 2a). As expected,
pluripotency markers OCT4 (also known as POU5F1) and NANOG
diminished during the course of organoid differentiation, whereas
neural identity markers SOX1 and PAX6 were upregulated, indicating
successful neural induction.

To test for early brain regionalization in whole organoids, we per-
formed RT–PCR for forebrain (FOXG1 and SIX3) and hindbrain
(KROX20 (also known as EGR2) and ISL1) markers (Fig. 2a), reveal-
ing the presence of both populations within the tissue. However, as
tissue development proceeded, forebrain markers remained highly
expressed whereas hindbrain markers decreased, reminiscent of the

developmental expansion of forebrain tissue during human brain
development25.

In order to test whether cells with these brain region identities deve-
loped as discrete regions within the organoids, as gross morphology
would suggest, or were randomly interspersed within the tissue, we
performed immunohistochemical staining for markers of forebrain,
midbrain and hindbrain identities during early development of these
tissues (16 days; Fig. 2b and Extended Data Fig. 2b). PAX6 expression
revealed several regions of forebrain identity, and OTX1 and OTX2
expression marked forebrain/midbrain identity. These regions were
located adjacent to regions that lacked these markers but that were
positive for hindbrain markers GBX2, KROX20 and PAX2, which was
reminiscent of the early mid–hindbrain boundary, suggesting similar
regional communication and probably mutual repression.

In vivo brain development involves increasing refinement of regional
specification. Therefore, we examined further-developed cerebral orga-
noid tissues for regional subspecification. We performed staining for
the forebrain marker FOXG1 (Fig. 2c), which labelled regions display-
ing typical cerebral cortical morphology. Many of these regions were
also positive for EMX1 (Fig. 2d), indicating dorsal cortical identity. We
also tested for further subregionalization by staining for cortical lobe
markers, namely AUTS2, a marker of prefrontal cortex26 (Fig. 2e); TSHZ2,
a marker of the occipital lobe26 (Extended Data Fig. 2c); and LMO4,
a marker of frontal and occipital lobes but absent in parietal lobes26

(Extended Data Fig. 2c). These markers could be seen in neurons label-
ling distinct regions of dorsal cortex, suggesting subspecification of
cortical lobes.
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Figure 1 | Description of cerebral organoid culture system. a, Schematic
of the culture system described in detail in Methods. Example images of each
stage are shown. bFGF, basic fibroblast growth factor; hES, human embryonic
stem cell; hPSCs, human pluripotent stem cells; RA, retinoic acid.
b, Neuroepithelial tissues generated using this approach (left) exhibited large
fluid-filled cavities and typical apical localization of the neural N-cadherin
(arrow). These tissues were larger and more continuous than tissues grown in
stationary suspension without Matrigel (right). c, Sectioning and
immunohistochemistry revealed complex morphology with heterogeneous
regions containing neural progenitors (SOX2, red) and neurons (TUJ1, green)
(arrow). d, Low-magnification bright-field images revealing fluid-filled cavities
reminiscent of ventricles (white arrow) and retina tissue, as indicated by retinal
pigmented epithelium (black arrow). Scale bars, 200mm.
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Figure 2 | Human cerebral organoids recapitulate various brain region
identities. a, RT–PCR for forebrain markers (FOXG1 and SIX3) and hindbrain
markers (KROX20 and ISL1) at 12, 16 and 20 days of differentiation. Human
fetal brain complementary DNA was used as positive control.
b, Immunohistochemistry in serial sections for the forebrain marker PAX6
(red, left) and the hindbrain markers KROX20 (green, left) and PAX2 (red,
right) at 16 days of differentiation. Note the juxtaposition reminiscent of the
mid–hindbrain boundary (arrows). DAPI (49,6-diamidino-2-phenylindole)
marks nuclei (blue). c–i, Staining for various brain region identities: forebrain,
FOXG1 (c); dorsal cortex, EMX1 (d); prefrontal cortex (note the discrete
boundary, arrow), AUTS2 (e); hippocampus, NRP2, FZD9, PROX1 (f); ventral
forebrain, NKX2-1 (g) and choroid plexus, TTR (i). g, Staining for adjacent
ventral (arrow) and dorsal (PAX6, arrowhead) forebrain and for calretinin
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Scale bars, 100mm.
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cortex in the embryonic brain and produces

multiple signalling molecules including

WNTs and BMPs, acts as an important

signalling centre in patterning of the adja-

cent forebrain tissue (Caronia-Brown et al,

2014; Fig 1A and B). Several organoids

contained tissue sandwiched between

choroid plexus and cerebral cortex, express-

ing the cortical hem marker LMX1A.

Remarkably, this tissue also expressed

signalling molecules, including WNT2B in a

narrow strip and BMP6 in a broader terri-

tory, which is also seen in the cortical hem

of mouse embryos (Fig 1A). This finding

raises the exciting possibility that hem-like

signalling centres participate in the self-

organisation of COs by patterning adjacent

tissues. The authors also suggest that signal-

ling molecules produced by these centres

might contribute to CO expansion, as

reported for the hem in vivo (Caronia-Brown

et al, 2014). The pallial–subpallial boundary
(PSPB) also produces signalling molecules

in the embryonic forebrain (Fig 1A and B)

and is proposed to act as a signalling centre

during forebrain development. The finding

that COs contain TBR2+ cortical tissue abut-

ting GSX2+ ganglionic eminence tissue there-

fore suggests that signalling centres other

than the hem might be generated in COs and

contribute to their extensive tissue diversity.

To further investigate the relationships

between different brain regions, Renner and

Lancaster et al made COs transparent and

performed 3D image reconstitution. This

revealed that COs contain ventricular

networks that are lined by a continuous

neuroepithelium and connect different brain

regions. Thus, molecules produced by

signalling centres could act not only locally

but also over long distances by travelling

across the COs via the ventricular network.

Focusing on cortical regions, the authors

asked whether these territories in COs

produce the same range of cell types and in

the same temporal order as in the cerebral

cortex in vivo. They found that Cajal-Retzius

cells, deep layer neurons and superficial

layer neurons are indeed present and

produced sequentially, similarly to the

cortical development in vivo. Moreover,

organoids produce both astrocytes and

oligodendrocytes, and both neurons and

glial cells acquire morphologies characteris-

tic of mature cells.

Variability between experiments and

between organoids in the same experiment

is a concern that is often voiced but has not

been rigorously documented. Renner and

Lancaster et al have now addressed this

issue by systematically analysing 104 orga-

noids generated in 22 separate experiments.

Four of the experiments generated large
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Figure 1. Regional patterning of developing brain is recapitulated in organoids.
(A) Coronal section of the developing mouse telencephalon (reviewed in Martynoga et al, 2012) showing gene expression patterns for markers used by Renner and Lancaster
et al to define regional identities in human cerebral organoids (Renner et al, 2017). PSPB, pallial-subpallial boundary; LGE, lateral ganglionic eminence; MGE, medial
ganglionic eminence. (B) Signalling centres in the mouse telencephalon. Wnt and bone morphogenetic proteins are secreted by a dorso-medial organising centre, the cortical
hem (blue). The PSPB (orange) is a candidate signalling centre expressing several soluble factors, including a WNT inhibitor and FGF, EGF and NRG family ligands. Signals
emerging from other forebrain signalling centres are not represented. (C) Diagram of different regions identified by Renner and Lancaster et al in concurring and/or different
cerebral organoids and recapitulating forebrain patterning. PAX6 and TBR2 identify the ventricular and subventricular zones of the cerebral cortex. The choroid plexus (CP) is
defined by its characteristic morphology and expression of TTR and LMX1A. A cortical hem-like structure, identified by its location between cortical and CP tissue and
expression of LMX1A, displays a narrow stripe of WNT2B expression that overlaps with a more diffuse domain of BMP6 expression. Hippocampus is recognised by co-
expression of PROX1, FZD9 andNRP2 and cortical markers PAX6 and TBR2. A sharp interface between TBR2-expressing cortex and GSX2-expressing ganglionic eminencemarks
the presence of a PSPB-like region. Co-expression of GSX2 and DLX2 marks the LGE and NKX2.1 expression marks the MGE.
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glutamatergic, GABAergic and dopaminergic neuronal identities and 
GFAP+ astroglia. The data indicate that whole brain organoids can 
develop for long periods of time and have the potential to generate cell 
types from distinct germinal zones of the brain and retina.

Large single-cell map of cell diversity in organoids
Individual gene markers cannot resolve the cellular diversity of the 
human brain, in which closely related cell classes can only be identi-
fied using combinatorial gene signatures. Single-cell RNA sequencing 
allows systematic analysis of many genes, but the cellular diversity of 
the human brain requires that very large numbers of cells be profiled. 
To address this issue directly, we used droplet-based single-cell mRNA 
sequencing (Drop-seq)11 to molecularly profile 82,291 single cells 
isolated from 31 organoids that were derived from a healthy- control 
induced pluripotent stem cell line (11a cells) at three and six months 
in vitro.

Starting with a relatively advanced stage of development, six months, 
we analysed an average of 3,520 cells per organoid from each of 19 
organoids grown in four separate bioreactors (range of 1,656–11,061 
cells per organoid). Principal component analysis of read counts was 
performed with dimensionality reduction using t-distributed stochas-
tic neighbour embedding12–14 (see Methods). Clustering all cells from 
the six month organoids produced ten main transcriptionally distinct 
populations (Fig. 1b). We systematically compared the differentially 
expressed gene signatures for each cluster to gene signatures extracted 
from existing RNA-sequencing (RNA-seq) datasets of endogenous cell 
types11,15–27 (Extended Data Fig. 2). We were able to define the identi-
ties of the seven largest clusters (c1, c2, c3, c4, c5, c9 and c10) (Fig. 1b).

Six of the seven clusters belonged to the neurectodermal lineage; 
however, one cluster (c1; 3,027 cells) expressed mesodermal markers, 
including myogenin and myosin genes (MYH3, MYH8, MYL1 and 
MYLPF), indicating that, despite early patterning to a  neurectodermal 
fate, organoids can still produce a minority of cells of another 
 embryonic origin.

Cluster c2 (8,409 cells) was primarily composed of cells expressing 
genes of endogenous adult human astrocytes27, including  canonical 
astrocyte markers AQP4 and GFAP. Cluster c9 (17,103 cells) 
 contained progenitors of neuroepithelial origin, including cells 
with an  oligodendrocyte-precursor-like identity20,26. Cluster c10 
(13,428 cells) was mainly composed of cells with signatures of highly 
proliferative  progenitors (for example, TOP2A and MKI67). Cluster c3 
(971 cells) was enriched for cells expressing neuronal genes, including 
 dopaminergic markers (for example, TH and EBF1). Perhaps the most 
notable clusters were c4 and c5 (12,378 and 9,919 cells,  respectively) 
(Fig. 2a–d). Cluster c4 had a clear neuronal signature and was enriched 
for markers of neurons and progenitors of the cerebral cortex. Cluster 
c5 (9,919 cells) showed a strong representation of genes of the  neural 
retina, such as the photoreceptor markers CRX and RCVRN28,29. 
Comparison with several gene expression datasets of the mouse 
and human retina11,23,24 confirmed that this cluster was composed 
 predominantly of retinal cells.

To quantify variability among organoids and possible  bioreactor- 
based batch effects, we determined the frequency with which cells from 
each of the ten clusters were generated in individual organoids and 
across bioreactors (Fig. 1c, Extended Data Fig. 3 and Supplementary 
Discussion). We found that most clusters were consistently represented 
(c1, c2, c5, c9, c10, which were each found in more than 89% of orga-
noids), although clusters c3 and c4 were present in only a subset of 
 organoids (53% and 32%, respectively). Notably, organoids grown in 
the same bioreactor were more similar to one another in their ability  
to make cells of each cluster (for example, 100% of organoids from 
bioreactor 3 contained the forebrain cluster), suggesting that 
 bioreactor-related growth environment is a key factor in controlling cell 
class identity (Extended Data Fig. 3 and Supplementary Discussion).

Endogenous and organoid cellular diversity correlate
In order to understand to what degree endogenous cellular diversity 
is generated within organoids, we more closely dissected the  forebrain 
and retinal clusters (c4 and c5) by a second iteration of clustering. 
Within cluster c4, we identified 30 transcriptionally distinct  subclusters 
(Fig. 2a and data not shown); we were able to assign 17 of these to  
5 broad cell-type identities (Fig. 2a). Subclusters 7–8 and 9–15 included 
putative corticofugal and callosal projection neurons, respectively. 
Subclusters 16–23 were enriched for human radial glia markers22, 
whereas subcluster 4 was distinguished by the expression of  canonical 
genes of intermediate progenitors, including EOMES and ELAVL4. 
Finally, subcluster 1 displayed molecular signatures of interneurons, 
including DLX5, DLX2, SCGN and GAD1.

We confirmed this similarity by correlating subcluster gene 
 signatures with a previously published single-cell RNA-seq dataset 
of the human fetal cortex22 (see Methods). Despite the differences in 
the profiling methods used (Drop-seq compared to Fluidigm C1), we 
detected appropriate, preferential correlation between corresponding 
cell types for radial glia, interneurons, projection neurons and induced 
pluripotent stem cells (Extended Data Fig. 4a).

Next, we examined the subclusters of the retinal cluster (c5). Using 
class-specific retinal markers identified in a previous Drop-seq analysis of 
44,408 single cells from the mouse retina11, we found that cluster c5 con-
tained almost all of the cell classes found in the mouse retina. Specifically, 
we identified populations that expressed marker genes for Müller glial 
cells (for example, DKK3, SOX9), pigmented epithelial cells (for exam-
ple, MLANA, MITF), photoreceptors (for example, CRX, RCVRN, 
NRL),  retinal ganglion cells (for example, NEFL, NEFM), bipolar cells  
(for example, LHX4, PCP2) and amacrine cells (for example, TFAP2B, 
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Figure 1 | Large-scale, single-cell sequencing demonstrates 
development of a broad spectrum of cell types in human brain 
organoids. a, Left, schematic of long-term culture of brain organoids. 
Dissociated human induced pluripotent stem cells are seeded at day 0 into 
round-bottom plates to allow embryoid body formation (day 2–5). After 
a two-step neural induction (day 6–10), embryoid bodies are embedded 
in Matrigel (day 10) and transferred to spinning bioreactors (day 15) for 
long-term culture. BDNF is added starting at one month. CDM, cerebral  
differentiation medium; EBM, embryoid body medium; IIM, intermediate  
induction medium; NIM, neural induction medium. Right, 
immunohistochemistry (IHC), single-cell RNA sequencing  
(Drop-seq), electrophysiology (EP) and electron microscopy (EM)  
were performed at different time points. b, t-distributed stochastic 
neighbour embedding (tSNE) plot of single-cell mRNA sequencing data 
from six-month-old organoids. A total of 66,889 cells were clustered into 
10 distinct groups. c, Same as in b, with cells colour-coded by organoid 
(Org) of origin.
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SLC32A1) (Fig. 2c, e). To validate these identities, we correlated 
 subcluster gene signatures to the mouse retina Drop-seq dataset11 (see 
Methods). Each of the organoid retinal populations showed strong cor-
relation to the expected mouse retinal-cell class (Extended Data Fig. 5b).

Taken together, these analyses indicate that distinct cell types 
 generated in organoids transcriptionally resemble the appropriate 
endogenous counterparts from the human fetal cortex and mouse 
retina.

To assess variability in cell-type production, we examined  organoids  
from bioreactors in which all organoids generated forebrain  
(bioreactor 3) or retina (bioreactors 1, 2 and 3) (Fig. 2b, d, Extended 
Data Fig. 4a–c and Supplementary Discussion). For the forebrain, 
callosal projection neurons and radial glia progenitors were present 

in all organoids sampled, whereas cortical interneurons,  corticofugal 
 projection neurons and intermediate progenitors were present in 
50% of the organoids. For the retina, photoreceptors and pigmented 
 epithelial cells developed in the majority of organoids (73% and 91%, 
respectively), whereas development of retinal ganglion cells, bipolar 
cells and amacrine cells (each around 55%) and Müller glia (36%) 
occurred more sporadically (Extended Data Fig. 4b, d). This analysis  
probably overestimates the true variability, given the relatively small 
number of cells in each subcluster that were sampled from each 
 organoid, and differences between cell types in robustness to dissocia-
tion and collection; indeed, immunohistochemistry for known markers 
indicates a higher frequency of co-development of the same putative 
populations (Extended Data Fig. 4a, c and Supplementary Discussion).
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Figure 2 | Human brain organoids contain subclasses of forebrain and 
retinal cells. a, Subclustering of the forebrain cluster (c4): five major cell 
subtypes were identified as radial glia (7 subclusters), interneurons  
(1 subcluster), intermediate progenitors (1 subcluster), corticofugal 
neurons (2 subclusters) and callosal neurons (8 subclusters). sc, subcluster. 
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SLC32A1) (Fig. 2c, e). To validate these identities, we correlated 
 subcluster gene signatures to the mouse retina Drop-seq dataset11 (see 
Methods). Each of the organoid retinal populations showed strong cor-
relation to the expected mouse retinal-cell class (Extended Data Fig. 5b).

Taken together, these analyses indicate that distinct cell types 
 generated in organoids transcriptionally resemble the appropriate 
endogenous counterparts from the human fetal cortex and mouse 
retina.

To assess variability in cell-type production, we examined  organoids  
from bioreactors in which all organoids generated forebrain  
(bioreactor 3) or retina (bioreactors 1, 2 and 3) (Fig. 2b, d, Extended 
Data Fig. 4a–c and Supplementary Discussion). For the forebrain, 
callosal projection neurons and radial glia progenitors were present 

in all organoids sampled, whereas cortical interneurons,  corticofugal 
 projection neurons and intermediate progenitors were present in 
50% of the organoids. For the retina, photoreceptors and pigmented 
 epithelial cells developed in the majority of organoids (73% and 91%, 
respectively), whereas development of retinal ganglion cells, bipolar 
cells and amacrine cells (each around 55%) and Müller glia (36%) 
occurred more sporadically (Extended Data Fig. 4b, d). This analysis  
probably overestimates the true variability, given the relatively small 
number of cells in each subcluster that were sampled from each 
 organoid, and differences between cell types in robustness to dissocia-
tion and collection; indeed, immunohistochemistry for known markers 
indicates a higher frequency of co-development of the same putative 
populations (Extended Data Fig. 4a, c and Supplementary Discussion).
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(2 subclusters), bipolar cells (3 subclusters), amacrine cells (4 subclusters) 
and pigmented epithelium (2 subclusters). d, All cells in c5, colour-coded 
by organoid of origin. e, Expression of genes identified as retinal cell 
subtype markers across the retinal subclusters (see Extended Data Fig. 2c 
for sources).
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organoids (Table 1) (Lancaster et al., 2013; Sato et al., 2011, 2009).
In the protocol developed by the Knoblich group, embryoid bodies
(EBs) derived from hPSC aggregates are embedded into an
extracellular matrix (ECM), such as Matrigel, and subsequently
cultured in spinning bioreactors to promote tissue expansion and
neural differentiation (Lancaster and Knoblich, 2014). With
minimal external interference, cerebral organoids produced by this
approach give hPSCs the most freedom for self-organization, and
sometimes give rise to very elongated neuroepithelial structures.
They exhibit a variety of cell lineage identities ranging from
forebrain, midbrain and hindbrain, to retina, choroid plexus and
mesoderm (Camp et al., 2015; Lancaster et al., 2013). Large-scale
single cell transcriptomic profiling has further revealed that cerebral
organoids contain neural progenitors, excitatory neurons, inhibitory
neurons, astrocytes and oligodendrocyte precursor cells (OPCs)
found in the CNS, as well as photosensitive cells found in the retina
(Quadrato et al., 2017). The stochastic nature of hPSC spontaneous
differentiation, however, results in unpredictable proportions and a
heterogeneous arrangement of each lineage and cell type across
batches of differentiated organoids and across hPSC lines. Although
this cell-type diversity in cerebral organoids offers a unique
opportunity to model the interactions between different brain

regions, the high variability and heterogeneity present significant
challenges for systematic and quantitative studies.

Guided brain organoid methodologies
Guided methods for generating brain organoids were pioneered by
the Sasai group, who developed a series of 3D differentiation
protocols based on the serum-free culture of EB-like aggregates
(Table 1) (Danjo et al., 2011; Eiraku et al., 2008; Kadoshima et al.,
2013; Muguruma et al., 2015; Sakaguchi et al., 2015; Sasai, 2013).
In these guided organoid, or ‘spheroid’ methods, small molecules
and growth factors are used throughout the differentiation process to
instruct hPSCs to form cells and tissues representative of certain
brain regions, such as the cerebral cortex, hippocampus and
midbrain (Jo et al., 2016; Mariani et al., 2015; Pasca et al.,
2015; Sakaguchi et al., 2015; Yoon et al., 2019). These directed
organoid cultures are sometimes capable of generating mixtures
of cell types with relatively consistent proportions, exhibiting
less variation across batches and cell lines (Sloan et al., 2017).
However, directed organoids typically contain relatively small
neuroepithelial structures and their cytoarchitecture is sometimes
not well-defined, possibly owing to the interference of hPSC
self-organization and cell-cell interactions by excessive use of
external factors.

Guided organoid differentiation protocols can be carefully
tailored to require the use of external patterning factors only at the
early differentiation stage, thereby allowing hPSCs to be specified
as progenitor cells exhibiting certain brain region identities with
minimal heterogeneity. For these brain region-specific organoids,
external factors are then removed or minimized after successful
patterning during the initial stage of differentiation, and subsequent
differentiation follows intrinsic programs similar to those operating
in vivo after neural patterning. This approach has been used
successfully to generate large ventricle-like structures with elaborate
laminar organization and architecture (Lancaster et al., 2017; Qian
et al., 2016). In addition to using chemical factors, synthetic
biomaterials can be engineered to guide the formation of brain
organoids physically. This is exemplified by the microfilament-
engineered cerebral organoids method, in which elongated EBs
form around scaffolds made from polymer microfilaments, resulting
in more-consistent formation of enlarged ventricular structures and
neuro-epithelium (Lancaster et al., 2017).

The use of spinning bioreactors can also provide enhanced
nutrient and oxygen diffusion and sustained 3D suspension culture
(Lancaster et al., 2013). However, commercial bioreactors are bulky
and consume large volumes of culture medium, limiting the
efficiency and throughput of organoid culture. To reduce the
consumption of culture medium, multiple-well culture plates have
been used together with orbital shakers placed in the incubator as an
alternative to a spinning bioreactor (Lancaster and Knoblich, 2014).
More recently, custom-designed miniaturized multi-well spinning
bioreactors have been developed to both reduce the cost of
maintaining organoid cultures and remove the need for bulky
machines in the incubator; this approach allowed for protocol
optimization with improved efficiency, and enabled the generation
of brain region-specific organoids mimicking the dorsal forebrain,
midbrain and hypothalamus (Qian et al., 2016). Notably, forebrain
organoids generated via this approach consistently form cortical
structures with distinct layers that resemble the ventricular zone
(VZ), the inner and outer subventricular zone (iSVZ and oSVZ) and
the cortical plate (CP) at molecular, cellular and structural levels.
The recapitulation of primate/human-specific developmental
features, such as an enlarged oSVZ, in forebrain organoids offers
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Fig. 1. Unguided and guided approaches for making brain organoids.
Unguided approaches (top) harness the intrinsic signaling and self-
organization capacities of hPSCs to differentiate spontaneously into tissues
mimicking the developing brain. The resulting cerebral organoids often contain
heterogeneous tissues resembling various brain regions. By contrast, guided
approaches (bottom) use small molecules and growth factors to generate
spheroids that are specifically representative of one tissue type. Brain region-
specific organoid methods involve the use of patterning factors at an early
stage to specify progenitor fate; these factors are then removed in subsequent
differentiation stages. Guided approaches can also be used to generate two or
more spheroids/organoids representative of different brain region identities that
can then be fused to form ‘assembloids’, which model interactions between
different brain regions.
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DLX6) and cortical interneuron markers (GAD1, GAD2, VGAT and 
CELF4) (Extended Data Figs 6b, 7a–d). We found few cells expressing 
PAX6 or TH, which are indicative of olfactory interneurons; or SP8, 
GSX2 or CHAT, which are indicative of striatal neurons, suggesting 
that the Dlxi1/2b reporter is primarily labelling cortical interneurons 
(Extended Data Fig. 6b).

We next used confocal imaging to capture the movement of 
Dlxi1/2b::eGFP+ cells in fused hSS–hCS. Interneurons moved 
in a  saltatory pattern followed by extensive pauses (Fig. 2f). This 
 characteristic, cyclical movement involved an extension of the lead-
ing process in one direction followed by a transient swelling of the 
soma and nuclear translocation (nucleokinesis; Fig. 2g, h). This pat-
tern of migration is similar to that observed in rodents19,20, although 
the ratio between the length of the leading process and the diameter 
of the soma in hSS-derived interneurons is almost double the ratio of 
mouse interneurons (Extended Data Fig. 8g–i). To validate the bio-
logical relevance of interneuron migration in hSS–hCS, we performed 
live cell imaging of cells labelled with the Dlxi1/2b::eGFP reporter in 
human forebrain tissue (gestational weeks (GW)18 and GW20; Fig. 2i). 
Dlxi1/2b::eGFP-labelled cells in fetal tissue co-expressed GABA and 
NKX2-1 (Extended Data Fig. 8a–f) and displayed a similar morphol-
ogy and pattern of migration (Fig. 2j, k, Extended Data Fig. 8g–l and 
Supplementary Videos 4, 5).

We tested pharmacological manipulation of interneuron migration 
in fused hSS–hCS (Extended Data Fig. 7e). We imaged the  movement 
of Dlxi1/2b::eGFP+ cells before and after exposure to a CXCR4 
receptor antagonist (AMD3100). This receptor is expressed in hSS 
(Extended Data Fig. 3l) and plays a key role in the migration of cortical 
 interneurons21. AMD3100 treatment resulted in a significant reduction 
in saltation frequency, saltation length, speed when mobile (Extended 
Data Fig. 7f–h) and a change in path directness (Extended Data Fig. 7i, j  
and Supplementary Video 6).

Using assembled spheroids to model Timothy syndrome
We next investigated whether assembled hSS–hCS could be used 
to model migration defects. Previous work in rodents has  indicated 
that L-type calcium channels (LTCCs) play a critical role in 
 interneuron migration by regulating saltation frequency and migra-
tion  termination17. LTCCs have been repeatedly associated with neu-
ropsychiatric disorders22,23, and gain-of-function mutations in the 
LTCC subunit-encoding CACNA1C gene lead to Timothy syndrome 
(TS)—a severe neurodevelopmental disease characterized by ASD and 
epilepsy24,25. We generated hSS and hCS from hiPS cells from three 
patients with TS that carry the recurrent p.G406R substitution (Fig. 3a) 
and compared them to four control subjects (Extended Data Fig. 9a, b 
and Supplementary Table 1). We did not observe defects in the differen-
tiation of TS hiPS cell lines into hSS (Extended Data Fig. 9c–g). Calcium 
imaging showed increased residual calcium following depolarization in 
hSS-derived TS neurons, as well as in hCS-derived TS neurons com-
pared to control cells (Fig. 3b and Extended Data Fig. 9h, i), similar to 
what we have previously shown in TS hiPS cell-derived glutamatergic 
neurons26. We investigated the migration of Dlxi1/2b::eGFP+ cells in 
fused hSS–hCS (Fig. 3c, Extended Data Fig. 9j and Supplementary 
Video 7) and found an increase in saltation frequency in neurons from 
all three patients with TS (Fig. 3d and Extended Data Fig. 9k) consistent 
with the role of calcium in interneuron motility17. Notably, the saltation 
length and the speed when mobile were reduced in TS (Fig. 3e and 
Extended Data Fig. 9l, m) resulting in less efficient migration (Fig. 3f).  
Moreover, this effect was cell autonomous because migration of 
Dlxi1/2b::eGFP+ cells from TS hSS into control hCS did not influence the 
phenotype (Fig. 3d, e and Extended Data Fig. 9k–m). To further validate  
these results, we electroporated cDNA encoding TS and wild-type  
CaV1.2 into slices of mouse embryonic day (E)14 ganglionic emi-
nences and performed live cell imaging (Extended Data Fig. 9n, o).  
We observed a defect in mouse TS-CaV1.2 electroporated neurons  
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Figure 2 | Cell migration in fused hSS–hCS. a, Assembly of hCS  
and hSS. daf, days after fusion. b, Morphology before and after assembly.  
c, Time-lapse of migration from hSS into hCS. d, Assembly of hCS (AAV-
hSYN1::mCherry) and hSS (lenti-Dlxi1/2b::eGFP). e, Immunolabelling-
enabled three-dimensional imaging of solvent-cleared organs (iDISCO)-
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hCS. f–h, Saltatory migration of Dlxi1/2b::eGFP+ cells in fused hSS–hCS 
(f, g) and nucleokinesis (h). i–k, Saltatory migration of Dlxi1/2b::eGFP+ 
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Engineered cerebral organoids (enCORs) generate elongated neuroepithelium  
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enCORs display radial units and radial neuronal migration  
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The diffusion limit depletes progenitors and prohibits organoid expansion 

again suggesting that they resemble RGs in vivo (Bershteyn et al.,
2017; Subramanian et al., 2017).
The cortical organoids developed by Kadoshima et al.

demonstrated a cell-sparse region filled by neuronal processes
between the SVZ and the CP, resembling the intermediate zone
(Kadoshima et al., 2013). In early stages of cortical organoid
development, the neuronal layer made from TBR1+ and CTIP2
(BCL11B)+ early-born neurons and reelin+ Cajal–Retzius cells is
highly reminiscent of the preplate (PP) seen in first trimester
corticogenesis (Lancaster et al., 2013; Qian et al., 2016). As this
neuronal layer expands in size and becomes more condensed, it
exhibits a compact morphology and starts to resemble the CP of the
fetal cortex, with the help of ECM proteins supplemented in culture
medium to reconstitute the basement membrane on the organoid
surface (Kadoshima et al., 2013; Lancaster et al., 2017; Qian et al.,
2018). Moreover, the temporal order of neurogenesis in cortical
organoids follows the ‘inside-out’ rules that have been demonstrated
in vivo: neurons expressing deep layer markers are born early,
whereas upper layer neurons, expressing markers such as SATB2
and CUX1, are found later. However, extensive mixing and
colocalization of upper and deep layer neurons are often observed,
indicating that the specification of cortical lamination is incomplete
in these organoids (Lancaster et al., 2017; Qian et al., 2016).
Interestingly, such co-expression and intermingling of upper and
deep layer fate are similarly observed in the CP of mid-gestation
human embryonic cortex (Ip et al., 2011; Nowakowski et al., 2017;
Ozair et al., 2018; Zhong et al., 2018). However, at the perinatal
period, the separation of upper and deep cortical layers becomes
evident, suggesting that the establishment of distinct cortical layers
takes place near the end of the second trimester (Saito et al., 2011;
Zeng et al., 2012). Furthermore, unlike in the perinatal neocortex,
the cortical layers in organoids cannot be discriminated based on
their neuron distribution and density, partially owing to them
exhibiting drastically fewer layers of CP neurons (Molyneaux et al.,
2007). Organoid neurons also lack layer-specific dendritic
morphology and axonal projection patterns (Zhong et al., 2018).
It is also difficult to divide the neuronal layer of cortical organoids
unambiguously into distinctive subplate (SP) and CP regions, likely
owing to the fact that the SP-like region is interspersed between the
CP and the SVZ (Ozair et al., 2018).

Neuronal function and activity
Excitatory and inhibitory neurons in cortical organoids are
functional, but unsurprisingly less mature, compared to adult
neurons (Birey et al., 2017; Pasca et al., 2015; Qian et al., 2016).
Because cortical organoids are a model for the early-mid stages of

embryonic development, during which time newborn neurons are
continuously produced, electrophysiological characterization often
reveals highly variable functionality and maturation parameters
when cells are randomly chosen. The neurons in more mature
organoids, for example, fire trains of action potentials upon current
injection and show robust spontaneous excitatory/inhibitory
postsynaptic currents (Pasca et al., 2015; Qian et al., 2016), and
extracellular recording using a multi-electrode probe has revealed
spontaneous burst-like firing activities in these neurons (Quadrato
et al., 2017). Sparse labeling sometimes reveals neurons with
pyramidal-like morphology and dendritic spines (Lancaster et al.,
2017; Qian et al., 2016). Synaptogenesis also appears to be
abundant when examined using immunostaining or electron
microscopy (Birey et al., 2017; Pasca et al., 2015; Quadrato et al.,
2017; Sloan et al., 2017). However, neuron subtype-specific
firing patterns and plasticity are yet to be observed. Nonetheless,
despite their large variability, the basic electrophysiological properties
of neurons, such as resting membrane potential, resistance,
capacitance, amplitude and frequency of spontaneous post-synaptic
currents, show statistically significant trends ofmaturation over time as
organoids age (Qian et al., 2016). This is in line with a recent study,
using patch-clamping on organotypic slices of human fetal cortex,
which reported that most neurons at the end of the second trimester are
immature, and only early-born SP and deep layer neurons are able to
fire action potentials and exhibit spontaneous synaptic transmission
(Zhong et al., 2018). Thus, neurons generated in organoids might
reflect the development and maturation of neuronal functionalities
during embryonic stages in vivo.

Cell-type diversity
In addition to generating various types of RGs and neurons,
organoids recapitulate the cellular diversity of the cerebral cortex by
producing interneurons, astrocytes and OPCs (Birey et al., 2017;
Qian et al., 2016; Quadrato et al., 2017; Sloan et al., 2017). Similar
to rodents, the majority of human cortical interneurons originate
from the ganglionic eminence of the ventral forebrain and
tangentially migrate to the cerebral cortex (Hansen et al., 2013;
Ma et al., 2013), but several studies have provided evidence for
dorsal origins of some cortical interneurons, which is an observation
unique to primates (Jakovcevski et al., 2011; Letinic et al., 2002;
Petanjek et al., 2009; Radonjic et al., 2014; Yu and Zecevic, 2011).
Although NKX2.1-expressing ventral progenitors are absent in
dorsally patterned forebrain organoids at early stages, a small
population of interneurons is detected later, suggesting that
dorsal forebrain progenitors are also potentially capable of
producing interneurons in vitro (Qian et al., 2016). In addition, a
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 Air–liquid interface culture (ALI-CO) leads  
to improved neuronal survival and morphology  
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guide axon outgrowth during the establishment of ALI-CO tracts. 
To test this hypothesis, we performed staining for known guid-
ance cues including WNT5A, Netrin, and EphrinB112. We observed 
striking foci of WNT5A near to, and surrounding, NRP1+ tracts 
(Fig. 4c) similar to the pattern described at the glial wedge in vivo 
that helps guide callosal tracts13. Furthermore, we also observed a 

subset of NRP1+ tracts that were also positive for the WNT recep-
tor RYK (Supplementary Fig. 4b)14, as well as internally projecting 
tracts positive for EphrinB1 (Supplementary Fig. 4c). Finally, stain-
ing for the attractant Netrin-1 revealed large foci with numerous 
nearby inwardly projecting tracts oriented toward the Netrin-1  
signal (Fig. 4d).
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In addition to internally projecting tracts, we observed out-
growth of axon tracts projecting away from the organoid altogether 
(Fig. 4e and Supplementary Fig. 4d). Retrograde tracing with the 
lipophilic dye DiI (Supplementary Fig. 4b), as well as tract coher-
ency/alignment analysis (Fig. 4f), revealed the morphology of these 
escaping tracts as well as the location of the responsible projection 
neurons (Supplementary Fig. 4e). These ‘escaping’ tracts appeared 
most similar to subcortical projections.

scRNA-seq reveals the full repertoire of cortical neuron types. 
The presence of a variety of axon tract morphologies suggests that 
ALI-COs might display various neuron identities that could exhibit 
different projection behaviors. To test this possibility, we performed 
scRNA-seq on ALI-COs to examine the full repertoire of cell types. 
We analyzed six slices from three ALI-CO preparations with an 
average of 4,427 cells per sample, which were processed through the 
10× single-cell genomics platform (Methods). Unbiased clustering 
of cell populations was achieved by principal component analysis 
using highly variable genes as input and was visualized following 
dimensionality reduction using t-distributed stochastic neighbor 

embedding (tSNE) (Fig. 5a). This resulted in the separation of six 
well-defined major clusters (C1–C6, Fig. 5b).

Gene Ontology (GO)-term analysis (false-discovery rate 
(FDR) > 0.1% with highest fold-enrichment) of the top 50 differen-
tially expressed genes (Fig. 5c) raised a possibility that developmen-
tal cell states define the main cell populations, reflecting stages of in 
vivo cortical development (Fig. 5d). In support of this, pseudotime 
analyses (Supplementary Fig. 5a,b) and gene expression correlation 
(Supplementary Fig. 5c–e) revealed a similar co-expression pattern of 
progenitor zone and neuronal-layer marker genes in the organoids to 
that shown for the age-matched fetal brain. Thus, we next compared 
the average expression of developing cortical cell-type-, cell-state-, 
and region-specific marker genes (Methods). Cluster identities bet-
ter corresponded with cell-types and maturity (Fig. 5e) than brain 
region specific markers (Supplementary Fig. 5f,g). This also supports 
previous findings that the enCOR method used as the starting mate-
rial for ALI-COs preferentially generates a forebrain identity4.

Cell-type and maturity markers revealed a distinct population of 
deep-layer subcortical projection neurons (C1, for example, CTIP2, 
FEZF2), upper layer intracortical (callosal) projection neurons and 
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total) by Sendai-virus encoding emGFP (white) reveals radially aligned neurons (NEUROD2, blue) with complex dendritic architectures and pyramidal 
morphologies (arrowheads) within the aligned cortical plate (bracket). All cells contain fFusionRed (red) to visualize the overall tissue morphology.  
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(arrows) in a maximum-intensity projection with evident dendritic spines (arrowheads, inset) in an ALI-CO after 51 d under ALI conditions (143 d total) 
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shown in e (expanded from gray box). g, Overlay of all detected spikes (gray, marked by dots in f) with mean waveform in black. h, Whole-cell patch-
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(a, c), 20!μm (b), 5!μm (c inset) and 100!μm (d).
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Structural comparison between cortical organoids and the human embryonic cortex  

Qian et al., DEV 2019 

Moreover, owing to a lack of vascularization and circulation, a
necrotic core inevitably builds up in the organoid’s interior and the
actual viable thickness is further limited (Fig. 3). The dramatically
different sizes and numbers of cells in cortical organoids suggest
that it is almost impossible for current organoid technologies to
represent fully the complexity of a bona fide cortex.
Surprisingly, however, cortical organoids do recapitulate the

organization of neural progenitor zones with considerable accuracy,
especially when analyzed in vertical columns from the apical
(inner) surface to the basal (outer) surface (Fig. 2). Indeed, cortical
organoids contain a large VZ formed by SOX2+ ventricular radial
glia cells (vRGs) organized into polarized radial structures with a
lumen and apical surfaces expressing adherens junction proteins
(Kadoshima et al., 2013; Lancaster et al., 2017; Qian et al.,
2016). Immediately adjacent to the VZ, a thin and dense layer of
TBR2 (EOMES)+ intermediate progenitor cells (IPCs) can be

found, resembling the iSVZ (Lui et al., 2011). A well-defined
oSVZ, populated by IPCs, immature neurons and unipolar
NPCs expressing human outer radial glia (oRG)-specific markers,
such as HOPX and PTPRZ1, can also be observed in cortical
organoids (Bershteyn et al., 2017; Lancaster et al., 2017; Li et al.,
2017a,b; Qian et al., 2016; Watanabe et al., 2017). Notably,
in forebrain organoids developed by Qian et al., the oSVZ
expands disproportionally as organoids age, and by 80 days of
differentiation, the oSVZ becomes several times larger than the VZ,
similar to human corticogenesis where the oSVZ is the dominant
source of neurogenesis in the second and third trimester (Hansen
et al., 2010; Qian et al., 2016). Moreover, the basal processes of RGs
in cortical organoids are radially aligned, forming migrational tracks
for newborn neurons to reach the CP, as occurs in vivo (Qian et al.,
2018). Live imaging of fluorescently labeled vRGs and oRGs in
cortical organoids has revealed their mitotic behavior and dynamics,

Cortical organoids Human embryonic cortex

4 mm 5 cm
Organoids are much smaller

A necrotic core builds up inside 
the organoid, limiting its size  

MZ

CP

IZ

oSVZ
iSVZ

VZ

Ventricle lumen

Organoid progenitor zones
resemble embryonic cortex 

Apical surface

Basal surface

Neuronal layers of organoids
contain deep layer and
superficial layer neurons
with rudimentary separation,
but not separated layers 

Basement membrane can be
reconstituted in organoids by
supplementing ECM proteins
in the culture medium 

Gyrification starts around
GW 23, but folding of the
CP has not been observed
in organoids 

Key

vRG IPC oRG Newborn
neuron

Deep layer
neuron

Upper layer
neuron

Layer I
neuron Interneuron Glial cell

Organoids produce most
neural lineage cell types
found in the human cortex 

Organoids usually contain
multiple discontinuous
neuroepithelial structures 

Fig. 2. Structural comparison between cortical organoids and the human embryonic cortex. Cortical organoids resemble the cytoarchitecture of human
developing cerebral cortex in early and mid-gestation with remarkable fidelity, despite their small size. A cortical organoid usually contains multiple short and
independent neuroepithelial structures. Within each structure, well-defined layers resembling the VZ, iSVZ, oSVZ, CP and MZ can be observed. Major neural
lineage cell types in the embryonic cortex can also be detected in cortical organoids, but vascular and immune cells are absent. Late-gestational features of
corticogenesis, such as the formation of cortical folding and the six separated cortical layers are not observed in cortical organoids generated by currently
available approaches. CP, cortical plate; IPC, intermediate progenitor cells; iSVZ, inner subventricular zone; IZ, intermediate zone;MZ,marginal zone; oRG, outer
radial glia; oSVZ, outer subventricular zone; vRG, ventricular radial glia; VZ, ventricular zone.
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Different experimental approaches in human disease modeling 
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Neuronal heterotopia and abnormal cell migration in DCHS1 and FAT4 
mutated cerebral organoids 

DCHS1 &FAT4: protocadherins act as planar cell polarity genes 

LETTERSNATURE MEDICINE

expense of ventricular zone signatures (Fig. 2b,d and Extended 
Data 3o). This finding supports the observed morphological 
changes in mutant progenitors, which prematurely delaminate, 
typical of more-differentiated basally located progenitors (Fig. 
1f–o, Extended Data 2l–lʹʹʹ and Extended Data 4). Consistent with 
these findings, more differentiated neurons were found in mutant 
organoids compared with control organoids in each experiment 
(Fig. 2b and Extended Data 3p). We further validated these results 
by analyzing the proportion of proliferating and differentiated cells 
in patient-derived cerebral organoids by means of FACS analysis 

(KI67, cycling progenitors; DCX, newborn neurons) from whole 
organoids (Extended Data 3q–s).

We also aimed at specifically characterizing the migration abili-
ties of neurons with defective DCHS1 or FAT4. To this end, we 
electroporated control organoids with specific miRNAs targeting 
DCHS1 or FAT4. 7 d later, we tracked the migratory behavior of the 
electroporated neurons via time-lapse imaging in 300-μm-thick 
slices of the organoids with preserved 3D structure (Fig.3a–c). We 
measured speed of migration (velocity), time neurons spend with-
out moving (resting time points) and ability to move in a straight 
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expense of ventricular zone signatures (Fig. 2b,d and Extended 
Data 3o). This finding supports the observed morphological 
changes in mutant progenitors, which prematurely delaminate, 
typical of more-differentiated basally located progenitors (Fig. 
1f–o, Extended Data 2l–lʹʹʹ and Extended Data 4). Consistent with 
these findings, more differentiated neurons were found in mutant 
organoids compared with control organoids in each experiment 
(Fig. 2b and Extended Data 3p). We further validated these results 
by analyzing the proportion of proliferating and differentiated cells 
in patient-derived cerebral organoids by means of FACS analysis 

(KI67, cycling progenitors; DCX, newborn neurons) from whole 
organoids (Extended Data 3q–s).

We also aimed at specifically characterizing the migration abili-
ties of neurons with defective DCHS1 or FAT4. To this end, we 
electroporated control organoids with specific miRNAs targeting 
DCHS1 or FAT4. 7 d later, we tracked the migratory behavior of the 
electroporated neurons via time-lapse imaging in 300-μm-thick 
slices of the organoids with preserved 3D structure (Fig.3a–c). We 
measured speed of migration (velocity), time neurons spend with-
out moving (resting time points) and ability to move in a straight 
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Induction of Expansion and Folding in PTEN Mutant Human Cerebral Organoids 

of neuroepithelial tissue surrounding ventricle-like structures
(Figure 1F). Neuroepithelial overgrowth was even more evident
in mutant organoids at 6 and 8 weeks and led to a drastic in-
crease in size and an overall folded surface (Figure 1F). To better
visualize and quantify their 3Dmorphology, we imaged the orga-
noids on a light sheet fluorescence microscope (Figure 1G).
PTEN mutants displayed a markedly increased surface area,
overall volume, and reduced sphericity compared with controls
(Figures 1G–1I). The increases in volume and surface area
were separately validated on histological sections (Figure 1J;
Figures S3B and S3C). Because the increased surface area
was often organized in continuous folds, we further demonstrate
a significant increase in fold density in mutant organoids (Figures
1K and 1L). The expansion and folding phenotype was fully
penetrant and present in all WIBR3 PTEN mutant organoids
examined across multiple independent experiments (Figures
S3D and S3E) as well as in PTEN mutant organoids generated
from WIBR1 and WIBR2 hESCs (Figures S4A–S4C).
We explored the potential difference between mouse and

human cortical development by generating cerebral organoids
from control and Pten mutant mouse embryonic stem cells
(mESCs). CRISPR/Cas9 gene targeting was used to disrupt the
first exon of the Pten gene in V6.5 mESCs (Figures S4D and
S4E). Three controls and three homozygous frameshift mutants

were selected based on genomic sequence and loss of full-
length PTEN protein (Figures 2A; Figure S4D). Equal numbers
of dissociated singlemESCswere used to generatemouse orga-
noids, following an adapted protocol that utilizes similar media
and culturing methods as that for human organoids (Eiraku
et al., 2008; Lancaster et al., 2013). Compared with controls,
Ptenmutant mouse organoids became progressively larger but
remained smooth throughout development with no surface folds
(Figures 2B and 2C; Figure S4F). Imaging using a light sheet fluo-
rescence microscope and subsequent quantification demon-
strated that Ptenmutant mouse organoids had increased overall
volume but no change in sphericity compared with controls
(Figures 2D and 2E). No detectable change in fold density was
present in Ptenmutant mouse organoids (Figure 2F).

PTEN Deletion Expands the Progenitor Pool
We investigated the cellular organizations that underlie the
expansion and folding of the PTENmutant human cerebral orga-
noids. At 4 weeks, both control and mutant human organoids
were composed of units of continuous neuroepithelium, as re-
vealed by Nestin staining. PTEN mutants contained an array of
large and sometimes foldedneuroepithelial structures (Figure 3A)
that expressed NPmarkers such as Nestin, Pax6, and Sox2 (Fig-
ures 3B and 3C). Because the original organoid culture condition

Figure 1. Induction of Expansion and Folding in PTEN Mutant Human Cerebral Organoids
(A and B) CRISPR/Cas9-mediated targeting of the human PTEN locus, sequences of mutant WIBR3 hESC clones (A), and immunoblotting for PTEN protein (B).

(C) ATP assay on 2D adherent NP culture showing enhanced proliferation in WIBR3 PTEN mutants in the presence of low bFGF concentration.

(D and E) Representative image of EdU-Ki67 co-staining in WIBR3 wild-type NPs cultured with low bFGF (D) and quantification of the cell cycle exit ratio

(EdU+Ki67!/all EdU+; E). Low bFGF, 1 ng/mL; high bFGF, 10 ng/mL. Scale bars, 50 mm (top) and 10 mm (bottom).

(F and G) Representative bright-field (F) and light sheet images (G) of control and PTEN mutant WIBR3 cerebral organoids. Shown at the bottom (G) a different

angle view of the main panels above. Scale bars, 1 mm (F) and 500 mm (G).

(H and I) Reconstructed models of control and mutant WIBR3 organoids (H) and quantification of volume, surface area, and sphericity (I). Scale bar, 1 mm.

(J) Quantification of control and mutant WIBR3 organoid volume and surface area on histological sections using the stereological method.

(K and L) Images (K) and quantification (L) of surface fold density in Hoechst-stained control and mutant WIBR3 organoids at 6 weeks. Center (K): higher-

magnification view of the top. Bottom (K): algorithmic tracing of surface folds via Canny edge detection. Scale bar, 500 mm (top) and 100 mm (center and bottom).

Results are mean ± SEM. *p < 0.05, ***p < 0.001. See also Figures S1–S4.
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of neuroepithelial tissue surrounding ventricle-like structures
(Figure 1F). Neuroepithelial overgrowth was even more evident
in mutant organoids at 6 and 8 weeks and led to a drastic in-
crease in size and an overall folded surface (Figure 1F). To better
visualize and quantify their 3Dmorphology, we imaged the orga-
noids on a light sheet fluorescence microscope (Figure 1G).
PTEN mutants displayed a markedly increased surface area,
overall volume, and reduced sphericity compared with controls
(Figures 1G–1I). The increases in volume and surface area
were separately validated on histological sections (Figure 1J;
Figures S3B and S3C). Because the increased surface area
was often organized in continuous folds, we further demonstrate
a significant increase in fold density in mutant organoids (Figures
1K and 1L). The expansion and folding phenotype was fully
penetrant and present in all WIBR3 PTEN mutant organoids
examined across multiple independent experiments (Figures
S3D and S3E) as well as in PTEN mutant organoids generated
from WIBR1 and WIBR2 hESCs (Figures S4A–S4C).
We explored the potential difference between mouse and

human cortical development by generating cerebral organoids
from control and Pten mutant mouse embryonic stem cells
(mESCs). CRISPR/Cas9 gene targeting was used to disrupt the
first exon of the Pten gene in V6.5 mESCs (Figures S4D and
S4E). Three controls and three homozygous frameshift mutants

were selected based on genomic sequence and loss of full-
length PTEN protein (Figures 2A; Figure S4D). Equal numbers
of dissociated singlemESCswere used to generatemouse orga-
noids, following an adapted protocol that utilizes similar media
and culturing methods as that for human organoids (Eiraku
et al., 2008; Lancaster et al., 2013). Compared with controls,
Ptenmutant mouse organoids became progressively larger but
remained smooth throughout development with no surface folds
(Figures 2B and 2C; Figure S4F). Imaging using a light sheet fluo-
rescence microscope and subsequent quantification demon-
strated that Ptenmutant mouse organoids had increased overall
volume but no change in sphericity compared with controls
(Figures 2D and 2E). No detectable change in fold density was
present in Ptenmutant mouse organoids (Figure 2F).

PTEN Deletion Expands the Progenitor Pool
We investigated the cellular organizations that underlie the
expansion and folding of the PTENmutant human cerebral orga-
noids. At 4 weeks, both control and mutant human organoids
were composed of units of continuous neuroepithelium, as re-
vealed by Nestin staining. PTEN mutants contained an array of
large and sometimes foldedneuroepithelial structures (Figure 3A)
that expressed NPmarkers such as Nestin, Pax6, and Sox2 (Fig-
ures 3B and 3C). Because the original organoid culture condition

Figure 1. Induction of Expansion and Folding in PTEN Mutant Human Cerebral Organoids
(A and B) CRISPR/Cas9-mediated targeting of the human PTEN locus, sequences of mutant WIBR3 hESC clones (A), and immunoblotting for PTEN protein (B).

(C) ATP assay on 2D adherent NP culture showing enhanced proliferation in WIBR3 PTEN mutants in the presence of low bFGF concentration.

(D and E) Representative image of EdU-Ki67 co-staining in WIBR3 wild-type NPs cultured with low bFGF (D) and quantification of the cell cycle exit ratio

(EdU+Ki67!/all EdU+; E). Low bFGF, 1 ng/mL; high bFGF, 10 ng/mL. Scale bars, 50 mm (top) and 10 mm (bottom).

(F and G) Representative bright-field (F) and light sheet images (G) of control and PTEN mutant WIBR3 cerebral organoids. Shown at the bottom (G) a different

angle view of the main panels above. Scale bars, 1 mm (F) and 500 mm (G).

(H and I) Reconstructed models of control and mutant WIBR3 organoids (H) and quantification of volume, surface area, and sphericity (I). Scale bar, 1 mm.

(J) Quantification of control and mutant WIBR3 organoid volume and surface area on histological sections using the stereological method.

(K and L) Images (K) and quantification (L) of surface fold density in Hoechst-stained control and mutant WIBR3 organoids at 6 weeks. Center (K): higher-

magnification view of the top. Bottom (K): algorithmic tracing of surface folds via Canny edge detection. Scale bar, 500 mm (top) and 100 mm (center and bottom).

Results are mean ± SEM. *p < 0.05, ***p < 0.001. See also Figures S1–S4.
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Figure 5. Transient Delay in Neuronal Differentiation Expands the NP Pool
(A) Immunostaining for DCX and Nestin at 4 weeks in control and PTEN mutant WIBR3 cerebral organoids. Scale bar, 200 mm.

(B and C) Representative images of EdU-Ki67 co-staining in 4-week-old control and mutant WIBR3 organoids (B) and quantification of the cell cycle exit ratio

(EdU+Ki67-/all EdU+) (C) in 4- and 6-week-old organoids. Scale bars, 20 mm.

(D) Immunostaining for DCX and EdU in 4-week-old control and mutant WIBR3 organoids. Scale bars, 20 mm.

(E and F) Quantitative cell fate analysis of EdU+ cells in 4-week-old organoids, showing that PTENmutant EdU+ cells have increased retention as Sox2+ NPs (E)

and a decreased propensity for differentiation into DCX+ immature neurons (F).

(G and H) Immunostaining for DCX (G and H) and Nestin (G) at 8 weeks. Scale bar, 200 mm.

(I–K) Differential gene expression analyses by qRT-PCR on control and mutant WIBR3 organoids at 4 (I), 10 (J), and 16 (K) weeks. Genes analyzed are repre-

sentative of NPs (PAX6, TBR2, and HOPX), pan-neuronal markers (TUBB3, DCX, MAP2, and RBFOX3), early-born neurons (CTIP2 and TBR1), and late-born

neurons (BRN2, SATB2,CUX1, and CUX2). The majority of neuronal markers were transiently downregulated in PTENmutants at 4 weeks but greatly normalized

at 16 weeks. Gene expressions are normalized to control-1 at each time point. The p value reflects controls versus mutants.

(L–N) Immunostaining for markers of outer radial glia (Hopx, L), early-born neurons (Tbr1 [M] and Ctip2 [N]), and late-born neurons (Satb2 [M] and Brn2 [N]) in

control and mutant WIBR3 organoids at 12 weeks. Scale bars, 50 mm.

(O) PTEN mutant WIBR3 organoids had a folded cortical plate at 16 weeks. The images show immunostaining for markers of neurons (Ctip2) and astrocytes

(GFAP). White dashed lines outline the cortical surface. Scale bars, 50 mm.

Results are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S6.
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Delayed neurogenesis 

organoids (Figure 4O). Together, these findings highlight intrinsic
disparities between mouse and human NPs in proliferation po-
tential and cellular composition.

PTEN Deletion Elicits a Transient Delay in Neuronal
Differentiation
Ahallmark difference between primate and rodent cortical devel-
opment is the duration of proliferation, with primate NPs under-
going many more rounds of cell division prior to committing to
terminal differentiation (Kornack and Rakic, 1998). We investi-
gatedwhether the increased proliferation inPTENmutant human
organoids was coupled with changes in differentiation propen-
sity. At 4 weeks, neuronal differentiation was initiated in control
organoids, and DCX+ neurons began to emerge (Figure 5A). In
contrast, mutant organoids contained predominantly Nestin+
NPs with few neurons (Figure 5A). qRT-PCR and immunoblotting
confirmed that mutant organoids had significantly reduced DCX
RNA and protein (Figures S6A–S6C). An EdU pulse-chase exper-
iment on 4-week-old organoids showed that mutants had signif-
icantly less cell cycle exit after 24 hr (Figures 5B and 5C). A
majority of EdU+ cells in mutant organoids were Sox2+ NPs, in
contrast to controls, where a substantial fraction had become
DCX+ (Figures 5D–5F). A similar finding of delayed neuronal
differentiation was seen in PTEN mutant human organoids on
the WIBR1 and WIBR2 background (Figure S6D). In contrast,
DCX+ or Ctip2+ neurons were already abundantly present in
3-week-old mouse control and Pten mutant organoids (Fig-
ure 4O; Figure S6E).
This delay in neuronal differentiation in PTEN mutant human

organoids was transient and gradually normalized. At 8 weeks,
abundant DCX+ neurons were present, and the majority of cells
labeled with EdU at 4 weeks had assumed a neuronal phenotype
in both controls and mutants (Figures 5G and 5H; Figures S6F
and S6H). A small population of EdU+ cells co-expressed
HOPX and resided in the outer SVZ, suggesting their identity
as outer radial glia (Figures S6G and S6I). Transcriptional anal-
ysis of a panel of genes enriched in NPs and neurons demon-

Figure 3. PTEN Deletion Induces Expansion
and Folding of Forebrain Neuroepithelia in
Human Cerebral Organoids
(A–C) Immunostaining for NPs using antibodies

against Nestin (A), Pax6 (B), and Sox2 (C) in control

and mutant WIBR3 organoids at 4 weeks. Scale

bars, 50 mm (A and B) and 20 mm (C).

(D–G) Light sheet images and quantification of

control and mutant WIBR3 organoids treated with

dorsomorphin (DM) for 14 days, demonstrating

expansion and folding (D), increased fold density

(G), patterning toward the forebrain fate (E) at the

preclusion of non-forebrain lineages (F).

Results are mean ± SEM. **p < 0.01, ***p < 0.001.

See also Figure S4.

strated reduced expression of neuronal
markers in mutants at 4 weeks but
normalized expression over time at
10 and 16 weeks (Figures 5I–5K). At
12weeks, both control andmutant human
organoids harbored outer radial glia cells,

early- and late-born neurons that were organized in a rudimen-
tary inside-out pattern (Figures 5L–5N). In mature control and
mutant human organoids, differentiated neuronal cell types
were predominant, and the level of proliferation was diminished
(Figure 5K; Figure S5A). At these ages, PTEN mutant organoids
sustained a folded morphology, underlined by the presence
of folded cortical plates composed of differentiated neurons
and glia (Figure 5O). We conclude that a transient delay in
differentiation allowed amplification of the NP pool and contrib-
uted to the expansion and folding of the PTEN mutant human
organoids.

AKT Activation Mediates the Expansion and Folding of
PTEN Mutant Human Cerebral Organoids
To confirm that PTEN deficiency was responsible for the pheno-
types, we transduced mutant hESCs with a lentivirus vector en-
coding GFP or a PTEN-GFP fusion protein (Figures 6A and 6B)
and generated organoids. At 6 weeks, althoughGFP-transduced
mutant human organoids were expanded and folded, PTEN-
GFP-transduced mutants formed smooth organoids (Figure 6C;
Figure S7A) and showed normalized levels of proliferation and
neuronal differentiation (Figures S7B–S7D).
AKT activation is a well-documented downstream effect of

PTEN deletion (Worby and Dixon, 2014). PTEN, AKT1 , AKT2,
and AKT3 are expressed in the developing human cortex (Fig-
ures S1H and S7E). In control human organoids, phospho-AKT
(pAKT) could be detected, albeit at a relatively low level (Figures
S7F and S7H). PTEN deletion led to a significant upregulation
of pAKT (Figure 6D; Figures S7F–S7I). In both control and
mutants, pAKT-positive staining was enriched in the VZ and
co-localized with progenitor markers such as Nestin, Sox2,
and phospho-Vimentin (Figure 6D; Figures S7F and S7G).
In mature human organoids comprised of mostly differentiated
neurons, the pAKT level was reduced but could still be detected
with tyramide signal-amplified immunostaining as well as
immunoblotting (Figures S7J and S7L). In 12-week-old organo-
ids, acute exposure to exogenous BDNF elicited a rapid
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ZIKV Infection Impairs Expansion and Folding in Human Cerebral Organoids 

et al., 2015). These findings raise the possibility that further
genetic engineering may shed light on the mechanism and
plasticity of mouse and human cortical development.

Our study highlights the essential role for the PTEN-AKT
signaling pathway in regulating human neural development.
Gain- and loss-of-function mutations of genes in this pathway
have been reported in patients with major brain malformation
(Boland et al., 2007; DiLiberti, 1998; Juanes et al., 2015; Lee
et al., 2012; Marchese et al., 2014; Mirzaa et al., 2013; Poduri
et al., 2012; Rivière et al., 2012; Terrone et al., 2016), suggesting
that a precise level of AKT activity is pivotal to brain formation.
Our study in human organoids demonstrates that AKT activity
is enriched in the NP population in both control and mutants.
Inhibition of AKT activity via pharmacological or genetic means
results in smaller organoids, reminiscent of microcephaly in pa-
tients with AKT heterozygous loss-of-function mutation (Boland
et al., 2007). We note that, unlike NPs, PTEN mutant mature
neurons within the organoids display less AKT activity. Acute
stimulation with BDNF was sufficient to increase AKT activity,
suggesting the reduced basal AKT activity may stem from the

lack of neurotrophic growth factors in the current culture system.
Future investigation of the effects of AKT activation in response
to various trophic factors in mature human neurons could pro-
vide novel insights into normal and pathological neural functions.
Another limitation of the current culture system is that it inade-
quately reflects human fetal brain development because it
does not support the formation of folded non-mutant human ce-
rebral organoids. This is not surprising, considering its historical
origin from the minimal culture media aimed at supporting the
survival and differentiation of mouse NPs and EBs (Eiraku
et al., 2008). We found that activating the PTEN-AKT pathway,
a central signaling cascade downstream of various growth fac-
tors, is sufficient to induce folding. Interestingly, embedding in
an extracellular matrix (Matrigel) rich in growth factors spurs a
rapid yet transient phase of growth in both wild-type and mutant
human organoids. Thus, it is likely that a combination of physio-
logically relevant growth factors could also induce folding in
wild-type human organoids. Further microfluidic and microfabri-
cation designs can be implemented to improve oxygen and
nutrient exchange, maintain tissue health and homeostasis,

Figure 7. ZIKV Infection Impairs Expansion and Folding in Human Cerebral Organoids
(A and B) Schematic (A) and light sheet images (B) of PTEN mutant WIBR3 cerebral organoids on day 23 (19 + 4 days) showing widespread caspase activity

induced by ZIKV but not Dengue virus. Scale bar, 500 mm.

(C) Light sheet images and immunostaining of mutantWIBR3 organoids on day 29 (19 + 10 days) show reduced organoid size and increased apoptosis caused by

ZIKV but not Dengue virus. C-caspase 3, cleaved caspase 3 as detected by immunostaining. Scale bars, 500 mm (top) and 50 mm (bottom).

(D and E) Quantitative analysis of organoids on day 29 (19 + 10 days) shows reduced size (D) and loss of surface fold density (E) upon ZIKV exposure.

(F and G) Schematic (F) and representative images (G) of immunostaining for ZIKV-infected control and mutant WIBR3 organoids on day 34 (30 + 4 days). Scale

bar, 200 mm.

(H and I) Representative images of immunostaining in mutant WIBR3 organoids show that ZIKV infection coincides with elevated apoptosis (cleaved caspase 3,

H) and reduced proliferation (phosphorylated H3, I). Scale bars, 50 mm.

(J) Light sheet images show that mutant WIBR3 organoids treated with ZIKV on day 30 displayed widespread apoptosis, as revealed by whole-mount caspase

activity staining. Scale bar, 500 mm.

Results are mean ± SEM. ***p < 0.001.
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The nomenclature for these models is currently somewhat incon-
sistent; in this Perspective, we will preferentially use the term ‘orga-
noid’ to describe models that rely at least in part on principles of 
self-instructed organization and morphogenesis.

The serum-free embryoid bodies (SFEB) method40, and its later 
‘quick’ version (SFEBq)41, a particularly influential iPSC-derived  
3D model of the developing dorsal forebrain, was developed through 
modifications to the earlier rosette culture paradigm29 and the  
serum-free neural-induction protocol42. This protocol combines 
self-organization with patterning factors to favor the development of 
dorsal forebrain structures, including a polarized dorsal neuroepi-
thelium, putative intermediate progenitors of the cerebral cortex and 
distinct types of cortical excitatory neuron. Further improvements 
to this protocol led to the generation of dorsal forebrain (cortical) 
organoids that were grown exclusively in suspension to promote more 
protracted development35. This system successfully generates more 
mature cortical tissue that, in addition to containing a dorsalized 
neuroepithelium and subtypes of excitatory neuron that are correctly 
organized into a cortical plate-like structure, also contains a more 
diverse pool of progenitors that notably include outer radial glia cells 
(oRGCs) typical of the human, but not the rodent, cortex.

Further protocols have been developed to streamline production 
and increase the reproducibility of 3D models. A method employing 
simplified culture conditions and scaffold-free growth was developed 
to generate cortical spheroids containing dorsal forebrain excitatory 
neurons43. This entirely 3D culture model includes a stage of neural-
progenitor expansion after patterning that favors the production of 
nonreactive astrocytes, cells that normally develop after the bulk of 
neurogenesis is complete, which perhaps suggests increased tissue 

maturation. Methods starting with 3D suspension cultures of initial 
hiPSCs have also been shown to improve control over the size and 
shape of neuronal spheroids44. This was applied to the production of 
a variety of neuronal types, including dorsal forebrain neurons and 
spinal cord motor neurons. Notably, arrays of miniaturized spinning 
bioreactors have recently been designed that allow for the culture 
of forebrain organoids in a small volume of media34. This approach 
improved oxygen diffusion through the tissue, resulting in reduced 
apoptosis as compared to stationary culture, while also permitting the 
standardization of culture conditions and enhanced reproducibility. 
Because of their enhanced reproducibility, their greater control over 
organoid size and shape and their scalability, these culture models are 
substantial steps toward downstream applications such as phenotypic 
and therapeutic screening using 3D systems.

Although many models have focused on generating tissue of the 
cerebral cortex, organoid models of other regions of the human brain 
have also been developed. 3D models of developing hippocampus45, 
midbrain34,46, hypothalamus34 and cerebellum47 have also been  
generated. Given that mental illnesses affect multiple parts of the 
brain, these systems might prove to be valuable for modeling dysfunc-
tion across different brain regions.

In all of these models, external patterning signals are provided to 
the cultures to favor the formation of specific brain regions, increas-
ing reproducibility and providing better control over the types of cells 
produced, both of which are crucial for future application of these 
systems to the modeling of disease and screening of therapeutic com-
pounds. A major limitation of these systems, however, is evident when 
trying to model parts of the brain that contain cells that originate from 
different brain regions. For example, the excitatory and inhibitory  
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Figure 1 hPSC-based modeling of neuropsychiatric disorders. Selected examples of hPSC-derived 2D and 3D neural culture models, broadly divided 
into models that employ relatively greater (blue background) or less (green background) extrinsic patterning (such as the addition of regionalizing 
factors). Neural rosettes have been used in systems of both types. Studies modeling neuropsychiatric disorders (boxed in orange) and other 
neurodevelopmental events and pathologies (boxed in gray) are connected to the model system used in each study by arrows. SCZ, schizophrenia;  
WBS, Williams–Beuren syndrome; BPD, bipolar disorder; ASD, autism spectrum disorder SFEB, serum-free culture of embryoid-body-like aggregates; 
SFEBq, serum-free culture of embryoid-body-like aggregates with quick reaggregation. Citations are numbered as in the Bibliography.Quadrato et al., Nat Med, 2016 
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allow for the investigation of synaptic and circuit-level dysfunctions 
that are hallmarks of many psychiatric illnesses.

There is no obvious, trivial solution to the problem of organoid 
maturation, but it is likely that longer culturing periods, incorporation 
of later patterning steps and the induction of neuronal activity will 
foster this process. Protocol modifications that enable the develop-
ment of more mature organoids are also likely to enrich the diversity 
of cell types produced, and possibly, favor connectivity among distinct 
brain regions, which in turn, much as in the embryo, could favor 
further fate specification and maturation. Engineered systems for the 
perfusion of media throughout the organoid to facilitate oxygenation 
and nutrient distribution will also be of prime importance in achiev-
ing greater maturity by preventing cell death at the center of older 
organoids and enabling size increases.

Studies of patients and rodent models have indicated that synaptic 
dysfunction and abnormal synaptic pruning are associated with psy-
chiatric illness, especially schizophrenia80. The key developmental 
roles known for microglia, particularly in synaptic pruning81, indi-
cate a need to incorporate this cell type into future organoid models.  
In the embryo, microglia originate from the yolk sac and invade 
the developing CNS as early as embryonic day 9.5 in the mouse82. 
Because of their different embryonic origin, microglia are missing 
from most iPSC-derived brain models83. Protocols for the genera-
tion of microglia from human iPSCs have recently been developed84, 
which could potentially enable human microglia (with or without risk 
variants of interest) to be incorporated into organoids at early stages of  
differentiation. A recent study supports the feasibility of this type of 
approach85. Enhanced maturation of neurons in 3D might also favor 
the formation of dendritic spines, areas of synaptic contact that are 
a structural trait of more mature neurons, which have been difficult 
to generate in culture. Incorporating microglia into developing orga-
noids might enable first-time modeling of events such as abnormal 
pruning of synapses and dendritic spines.

It is assumed that protocols that generate exogenously patterned 
3D spheroids or organoids might allow for higher organoid-to-orga-
noid reproducibility than 3D self-patterned whole-brain organoids, 
although there is as of yet no experimental data that compares orga-
noids generated by each method in detail (i.e., beyond tissue histology 
and immunohistochemical analysis of selected marker genes). It is, 
however, safe to assume that reproducibility is a current limitation 

of all 3D models, and that increased regional and cellular diversity 
and longer periods of growth and development will be inversely  
correlated with reproducibility. Addressing this central problem  
will be fundamental for the downstream application of organoids 
to high-throughput phenotypic and therapeutic screening. Next- 
generation protocols that spatially and temporally control the  
application of patterning signals might lead to more reproduc-
ible tissue architecture and cellular composition. Future models 
might also incorporate fluorescent reporters, introduced into the 
starting iPSCs, that mark specific regions in organoids for ease of  
identification and selection.

As with all iPSC-derived culture models, organoids can be pro-
duced in large quantities and are amenable to high-throughput down-
stream analysis. Advances in technology suggest that future avenues of 
research could include imaging-based screens, large-scale molecular 
characterization and high-throughput electrophysiological analysis. 
The implementation of reporter lines in which specific cell types are 
fluorescently labeled will facilitate cell isolation, molecular profiling 
of specific classes of cells and imaging of cells and circuits. The physi-
ology of neurons and circuits can also be studied using techniques 
amenable to high-throughput pipelines, such as all-optical electro-
physiology86, calcium imaging87 and high-density, multi-electrode 
array recording88. Combination of these multifaceted analyses will 
generate an unprecedented wealth of data from both control orga-
noids and those derived from patients with disorders or that are engi-
neered to carry disease variants. Despite the real challenges involved 
in the collection, mining and storage of ‘big data,’ it is likely that a 
systems-level analysis of data sets spanning multiple modes of analysis 
will be required to understand the neurobiology of neuropsychiatric 
diseases and to inform next-generation therapeutics.

Conclusions
It is not surprising that much excitement is currently being generated 
around the development of next-generation in vitro models of the 
human brain with the promise of exploring the complex neurobiol-
ogy of neuropsychiatric disorders in the dish. Although much work 
remains to be done to understand the value of 3D cellular systems, 
it is likely that over the next few years, we will witness an increase 
in the use of 3D brain organoid and spheroid models to analyze the  
effects of specific risk alleles and human genetic backgrounds on brain  
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Figure 2 Strategies for the generation, characterization and systems-level analysis of 3D cellular models of the human brain. Banks of disease-
relevant hPSC lines can be established from patient cohorts or through genetic engineering to introduce specific risk variants. 3D brain organoids 
developed from these lines can be used for systems-level analyses of cellular, circuit and architectural properties; methods for data integration across 
these modalities will need to be established. The fidelity with which 3D organoids and spheroids replicate the human brain must also be established. 
Next-generation organoid protocols will aim to produce advanced neural-network maturation, greater integration of diverse cell types and increased 
reproducibility to enable analysis of additional processes relevant to neuropsychiatric disorders.
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BACKGROUND: Because 

of their differentiation 

potential, pluripotent 

stem cells can gener-

ate virtually any cell 

type and, as such, can 

be used to model de-

velopment and disease 

and even hold the promise of providing 

cell-replacement therapies. Recently, struc-

tures resembling whole organs, termed or-

ganoids, have been generated from stem 

cells through the development of three-

dimensional culture systems. 

Organoids are derived from pluripotent 

stem cells or isolated organ progenitors 

that differentiate to form an organlike 

tissue exhibiting multiple cell types that 

self-organize to form a structure not unlike 

the organ in vivo. This technology builds 

upon a foundation of stem cell technolo-

gies, as well as classical developmental bi-

ology and cell-mixing experiments. These 

studies illustrated two key events in struc-

tural organization during organogenesis: 

cell sorting out and spatially restricted 

lineage commitment. Both of these pro-

cesses are recapitulated in organoids, 

which self-assemble to form the cellular 

organization of the organ itself. 

ADVANCES: Organoids have been gener-

ated for a number of organs from both 

mouse and human stem cells. To date, 

human pluripotent stem cells have been 

coaxed to generate intestinal, kidney, brain, 

and retinal organoids, as well as liver or-

ganoid-like tissues called liver buds. Deriva-

tion methods are specific to each of these 

systems, with a focus on recapitulation of 

endogenous developmental processes. 

These complex structures provide a 

unique opportunity to model human organ 

development in a system remarkably simi-

lar to development in vivo. Although the 

full extent of similarity in many cases still 

remains to be determined, organoids are al-

ready being applied to human-specific bio-

logical questions. Indeed, brain and retinal 

organoids have both been shown to exhibit 

properties that recapitulate human organ 

development and that cannot be observed 

in animal models. Naturally, limitations 

exist, such as the lack of blood supply, but 

future endeavors will advance the technol-

ogy and, it is hoped,  fully overcome these 

technical hurdles. 

OUTLOOK: The therapeutic promise of or-

ganoids is perhaps the area with greatest 

potential. These unique tissues have the 

potential to model developmental disease, 

degenerative conditions, and cancer. Genetic 

disorders can be modeled by making use of 

patient-derived induced pluripotent stem 

cells or by introducing disease mutations. In-

deed, this type of approach has already been 

taken to generate organoids from patient 

stem cells for intestine, kidney, and brain. 

Furthermore, organoids that model 

disease can be used as an alternative sys-

tem for drug testing that may not only 

better recapitulate effects in human pa-

tients but could also cut down on animal 

studies. Liver organoids, in particular, 

represent a system with high expecta-

tions, particularly for 

drug testing, because 

of the unique meta-

bolic profile of the 

human liver. Finally, 

tissues derived in vi-

tro could be generated 

from patient cells to provide alternative or-

gan replacement strategies. Unlike current 

organ transplant treatments, such autolo-

gous tissues would not suffer from issues of 

immunocompetency and rejection. ■   
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